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1.1 Redox enzymes and the respiratory chain 
Redox (reduction/oxidation) enzymes play a fundamental role in the 
metabolism of all organisms. The reactions that are catalyzed by this class 
of enzymes are characterized by the transfer of electrons between 
substrates. In many redox enzymes, however, the active sites that are 
involved in the (half-)reactions are located relatively far apart, and – in 
order to facilitate sufficiently fast electron transfer through the insulating 
protein matrix between the active sites – (additional) cofactors are required 
[1]. These redox active prosthetic groups form an ‘electron pathway’ 
through the enzyme when located sufficiently close to each other; the 
edge-to-edge distance between the cofactors should not exceed 14 Å, the 
limiting distance for electron tunneling through a protein matrix [2]. The 
great diversity of cofactors encountered in redox enzymes allows for a 
broad reduction potential window that can be utilized for electron transfer 
reactions [3]. 
In prokaryotes, a number of redox enzymes associated with the cytoplasmic 
membrane participate in aerobic or anaerobic respiration. These enzymes 
are therefore referred to as respiratory enzymes, pertaining to a respiratory 
chain. Together, they form an electron transport pathway, starting with 
respiratory dehydrogenases, oxidizing relatively low-potential substrates, 
such as NADH or succinate, and transferring the liberated electrons to the 
‘quinone pool’. In the extensively studied model organism Escherichia coli, 
the quinone pool consists of ubiquinone, menaquinone and 
demethylmenaquinone: very lipophylic electron mediators that are located 
in the cytoplasmic membrane. They transport electrons to a second group 
of enzymes: terminal reductases, which transfer the electrons to a final, 
relatively high-potential electron acceptor, such as oxygen, DMSO, 
fumarate or nitrate. The purpose of the respiratory chain is to conserve the 
energy released by the inter- and intra-enzymatic electron transfer 
reactions. Either through proton pumping by a respiratory complex or by 
means of the redox-loop mechanism, energy is stored by generating an 
electrochemical proton gradient across the cytoplasmic membrane. This 
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energy can then be used for, for example, the synthesis of ATP or flagellar 
motion [4]. 
The composition of the respiratory chain can vary considerably, depending 
on the availability of electron donors and acceptors. Under aerobic 
conditions, for instance, the favored terminal quinol oxidase by E. coli is 
cytochrome bo3, accepting electrons form ubiquinol and using oxygen as 
electron sink. In the absence of oxygen, alternative terminal reductases are 
expressed, such as fumarate reductase and DMSO reductase [4, 5, 6]. In this 
study, the latter three E. coli enzymes, together with E. coli succinate 
dehydrogenase, will be subjected to electrochemical experiments (see 
chapter 5). Figure 1 provides a schematic depiction of the aforementioned 
enzymes. 
Figure 1 Schematic representation of membrane-associated E. coli redox enzymes 
involved in respiration (adapted from e.g. [4]). Note that co-expression of these 
enzymes is highly unlikely. From left to right: cytochrome bo3 (subunit I-IV); 
succinate dehydrogenase (subunit A-D); DMSO reductase (subunit A-C); fumarate 
reductase (subunit A-D). The dotted, vertical arrow represents proton pumping; the 
curved arrows represent two-electron transfer. Q/QH2: ubiquinone/ubiquinol (for 
molecular structure of Q, see figure 4); MK/MKH2: menaquinone/menaquinol  
 
Enzymological research is often focused on the study of substrate 
conversion. However, the other half of the catalytic cycle, in which the 
active site is regenerated by intramolecular electron transfer and where 
processes driven by this electron flow take place, remains poorly explored, 


































since these processes are difficult to address in solution. Only slow and 
indirect control of the redox processes in the enzymes can be achieved with 
freely diffusing electron-carrying mediators [7, 8]. This study aims to 
overcome these complications. During voltammetric measurements, a 
direct, well-defined and non-rate-limiting electron transfer pathway 
between the enzyme and an electrode will be established by means of 
molecular wires, which will be described in detail below. Anchoring redox 
enzymes to the electrode surface using these conductive wires abolishes 
the need for slowly diffusing mediators, and the direct and well-defined 
‘communication’ between electrode and enzyme could ultimately allow for 
the unraveling of the mechanism of redox-coupled processes and proton-
coupled electron transfer in the aforementioned large respiratory enzyme 
complexes [9-30].      
1.2 Electrochemistry: cyclic voltammetry 
Cyclic voltammetry is a widely used and versatile electroanalytical 
technique, performed using a three-electrode setup: the potential between 
a working electrode (e.g. a gold disk electrode) and a reference electrode 
(e.g. a saturated calomel electrode (SCE)) is controlled by means of a 
potentiostat, while measuring the resulting current between the working 
electrode and an auxiliary (or counter) electrode, the latter often simply 
consisting of a platinum wire, contacting the electrolyte in which both the 
working and reference electrode are immersed. In a typical experiment, a 
redox active compound of interest is added to the electrolyte or adsorbed 
onto the working electrode surface, after which the potential of the 
working electrode is swept linearly in time between two extreme 
‘switching’ potentials in a cyclical fashion. An important parameter is the 
‘scan rate’ (in V/s), which determines the rate with which the potential is 
swept between the switching potentials [31]. Figure 6 exemplifies a working 
electrode modified with a surface-confined redox active compound (i.e. a 
‘Q-wire’, introduced below). By cycling the potential within an appropriate 
potential window, the compound is repeatedly reduced and oxidized, 




Following IUPAC conventions, 
when sweeping from a low to a 
high switching potential, a 
reduced compound is (re)oxidized 
at the electrode surface, resulting 
in a positive, anodic current. A 
negative, cathodic current is 
measured when the oxidized 
compound is (re)reduced during 
the reverse potential sweep. The 
desired voltammogram is obtained 
by plotting the measured current 
versus the applied potential. The 
resulting peaks, representing the 
measured anodic and cathodic 
currents, contain a wealth of 
information, as will be discussed in 
chapter 4 and 5 [31, 32]. 
In this study, a somewhat 
unconventionally sized three-
electrode setup was used, 
permitting microscale 
electrochemistry: the electrodes 
are mounted in a ‘Hagen cell’ 
(figure 2 [33]), after which a very 
small volume of electrolyte (~25 µl or less) is confined between reference 
and working electrode. Prior to voltammetric experimentation, the cell is 
flushed with an appropriate gas mixture (typically ~100% argon for 
anaerobic measurements). The small scale of the setup allows for 





Figure 2 Schematic representation of the 
‘Hagen cell’ [33] used in this study. RE, 
WE, CE: reference (sat. calomel), work 
(Au disk) and counter electrode (Pt wire), 
respectively; (a) ~25 µl electrolyte; (b) 
glass cell containing controllable gas 
mixture; (c) injection port; (d) gas mixture 
inlet; (e) gas mixture outlet to O2 sensor; 















1.3 Electro-enzymology: immobilizing redox proteins 
When redox enzymes are subjected to electro-enzymological experiments, 
an abundance of biochemically relevant information can be obtained; 
electron transfer within and between enzymes can be directly measured, as 
well as the catalytic current due to substrate conversion by the enzyme. In 
order for such experiments to be meaningful, well-defined and optimized 
interactions between electrode and redox enzymes are essential. Clearly, 
enzyme stability is of prime concern; direct contact with the (metallic) 
electrode surface often renders the enzyme inactive. Furthermore, slow 
diffusion of generally large proteins and transient interactions with the 
electrode surface complicate the interpretation of the measured data [7, 8].  
A remedy addressing the aforementioned obstacles lies in the modification 
of the electrode surface. Gold electrode surfaces, for instance, can be 
modified using alkane thiols, which form self-assembled monolayers (SAMs) 
onto the surface by means of sulfur-gold bond formation [34]. Although the 
resulting SAM may prevent detrimental interactions with the electrode, the 
increased distance between enzyme and electrode may substantially limit 
electron transfer rates. 
Further surface modifications may aid in the immobilization/adsorption of 
redox enzymes, eliminating the complications associated with slow protein 
diffusion. These modifications must ensure electrode-protein interactions 
that are both intimate and well-defined; in order for sufficiently fast 
electron transfer to occur, an appropriate cofactor or active site of the 
redox enzyme needs to be brought in close proximity to the electrode 
surface. Hence, proper orientation of the enzyme on the electrode surface 
is pivotal, while simultaneously preventing the electrode’s potentially 
damaging effects on the enzyme. Although these requirements appear 
contradictory, several enzyme immobilization strategies are still capable of 





One such strategy lies in the utilization of 
‘molecular wires’ that facilitate fast electron 
transfer between the electrode surface and 
the enzyme. Figure 3 depicts two examples 
of such wires capable of binding azurin, a 
blue copper protein involved in electron 
shuttling between enzymes [35]. Both wires 
are highly conjugated, which – as will be 
discussed below – enhances electron 
tunneling, allowing for fast electron transfer 
over larger distances. The terminal methyl 
thiol permits the binding to gold electrode surfaces. The ethyl-terminated 
wire ensures non-covalent interactions of the ethyl moiety with a 
hydrophobic region near the copper (I/II) cofactor, resulting in (indirect) 
adsorption of azurin to the electrode [35], whereas the pyridine-terminated 
wire coordinates with the copper immediately [36]. Indeed, superior 
electron transfer rates were found for the former wire, in comparison with 
decanethiol, which is of similar length and also capable of binding azurin 
non-covalently [35]. In summary, the strategy outlined here ensures: a 
proper orientation of the enzyme with respect to the surface; the 
prevention of direct exposure to the bare electrode surface; and fast 
electron transfer over greater distances, making this strategy suitable for 
even deeply-buried cofactors/active sites. These requirements were also 
central in the design of the molecular wires presented in the following 
section. 
As mentioned above, the immobilization/adsorption of redox enzymes onto 
an electrode surface circumvents the problems associated with slow 
difussion, enabling measurement of fast reactions. In ‘protein film 
voltammetry’ (PFV), such a (sub)monolayer ‘film’ – consisting of a stably 
adsorbed protein of interest on an electrode surface – is subjected to 
(cyclic) voltammetry experiments. Advantages of PFV include the possibility 
of fast screening under different (and extreme) circumstances: the modified 
electrode can be shortly exposed to different solutions of e.g. different (and 
extreme) pH. In addition, being directly controlled by the electrode 
 
Figure 3 Two examples of 
molecular wires capable of 








potential, the redox states of the entire enzyme sample can be 
synchronized and fine-tuned, thus allowing for unprecedented control over 
the redox states of the cofactors located within the immobilized enzymes. 
Finally, since only a (sub)monolayer of enzyme is required, very small 
amounts of protein are needed (1-10 pmol/cm2). The surface concentration 
of the enzyme, however, is usually very high, enhancing the sensitivity of 
the measurements [37]. 
Besides their use in fundamental electrochemical research, enzyme 
immobilization techniques, as described in this section, may be of 
commercial interest as well. The formulation of well-defined, stable protein 
films on electrode surfaces should provide crucial advantages over current 
techniques in terms of stability, precision, accuracy and sensitivity, paving 
the way for new generations of biosensors and biofuel cells. 
1.4 ‘Q-wires’: quinone-terminated OPV molecular wires 
The ultimate objective of this study was to immobilize respiratory 
membrane enzymes onto a rationally designed electrode surface, where 
the required surface modifications were to ensure fast, non-rate-limiting 
electron transfer. To achieve this, novel molecular wires were designed, 
capable of binding a quinol dehydrogenase or quinone reductase with one 
side, while binding a gold electrode surface with the other. Electrode 
surfaces modified with these ‘Q-wires’ (where ‘Q’ stands for ‘quinone’) are 
then expected to be capable of binding said enzymes by directly ‘plugging’ 
the substrate-mimicking terminus of the wire into the enzyme’s quinone 
binding site. Immobilizing redox enzymes in this fashion results in direct and 
well-defined ‘communication’ between electrode and enzyme, which could 
ultimately aid in the unraveling of the mechanism of redox-coupled 
processes and proton-coupled electron transfer in these enzymes. 
To appreciate the bio-mimetic design of the Q-wires, they are compared to 
the naturally occurring ubiquinone-8 in figure 4. Ubiquinone-8 is a substrate 





Figure 4 Comparison between naturally occurring ubiquinone-8 (below) and a 
ubiquinone-terminated ‘Q-wire’ (top, with acetylated (Ac) thiol), reflecting the 




Figure 5 Composition of a ubiquinone-terminated ‘Q-wire’: a ubiquinone moiety is 
tethered to a highly conjugated OPV molecular wire, which terminates in a gold-
electrode-binding (methyl)thiol. An sp3 carbon disrupts the conjugation between 
the head group and the rest of the wire to preserve its electrochemical 
characteristics and to ensure the biocompatibility presented in figure 4 
 
As depicted in figure 5, the tether consists of a conjugated molecular wire, 
functionalized on one end with a thiol for immobilization onto gold, and on 
the other end with a ubiquinone (or menaquinone) moiety, which inserts 
into the substrate binding pocket of the enzyme. Should this binding prove 
stable, this strategy would yield a well-defined, vectorially immobilized and 
homogeneous protein monolayer, with several major advantages: a natural 
electron entry point and relay pathway is provided; the electrode functions 
as an artificial quinone/quinol pool, with the important advantage of full 
control over the redox state of the wires. Furthermore, the second, 
membrane-extrinsic substrate binding site faces solution and remains fully 
accessible. Finally, the conjugated wire allows for very fast interfacial 
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electron transfer [38, 39], enabling the measurement of potential-
dependent enzyme kinetics over a broad time scale. In this way, the natural 
electron transfer pathway and coupled reactions can be studied by tuning 
the driving forces, both from the side of the quinone/quinol (electrode 
potential) and from the side of the soluble substrate (concentrations, 
inhibitors, pH, etc.).  
 
 
Figure 6 Schematic representation of a ‘Q-wire’ confined to a gold electrode 
surface, undergoing a two-electron/two-proton redox reaction. At low electrode 
potential, the head group exists in an oxidized  state (left), while, at high electrode 
potential, the head group exists in a reduced state (right) 
 
The introduction of a conjugated wire – here oligo(phenylenevinylene) 
(OPV) – is essential, because electron tunneling through a non-conducting 
alkanethiol becomes prohibitively slow with increasing wire length [35, 40-
42]. However, direct conjugation of the quinone moiety to the OPV system 
influences the near-native quinone/quinol redox potential, as observed 
previously [43, 44]. Therefore, a saturated methylene bridge was 
introduced in order to uncouple the quinone from the conjugated wire. This 
methylene bridge also introduces a larger degree of rotational freedom for 
the quinone, which may aid in its interactions with enzymes. Binding may 
be further facilitated by the similarity of the first three carbon atoms (allyl) 











Figure 6 provides a schematic representation of a ‘Q-wire’ (i.e. U2) 
undergoing a two-electron/two-proton reduction/oxidation reaction, which 
will be discussed in chapter 4. Figure 7 depicts the ‘Q-wires’ that were 
synthesized for this study, differing in length and quinone moiety 
(ubiquinone or menaquinone). The naming convention presented there will 
be used throughout this work. 
 
Figure 7 ‘Q-wires’ synthesized for this study, differing in length and quinone moiety 
(ubiquinone (U) or menaquinone (M)). The naming convention (U0-U3, USAT and M0-
M3) presented here will be used throughout this work 
 
1.5 Thesis outline and scope 
An objective of this research was to achieve direct, well-defined and non-
rate-limiting electron transfer between respiratory enzymes and the 
electrode surface by means of ‘Q-wires’, which have been introduced 
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above. Ensuring direct and fast electron transfer, these molecular wires 
may ultimately be part of a series of electrode surface modifications leading 
to the complete, stable and well-defined immobilization of an enzyme of 
interest. Realization of such a stable protein film may aid in the elucidation 
of the enzyme’s mechanism and may perhaps lead to (commercially viable) 
applications, such as biosensors or biofuel cells. 
As will be described in chapters 2 and 3, a crucial step in the synthesis of 
the ‘Q-wires’ was the joining of two intermediate compounds by means of a 
Grubbs olefin metathesis. Usually being the final step, complications 
associated with said reaction forced a thorough reconsideration of the 
synthesis route. These efforts, which will be detailed in chapter 2, 
culminated in a final synthesis pathway, elaborated on in chapter 3. 
Although still based on a Grubbs metathesis reaction, the observation of 
certain consistent behavior of this reaction inspired the formulation of a 
new synthesis pathway, which ultimately allowed for the successful 
synthesis of the desired products. 
As mentioned previously, the ‘bridge’ part of a Q-wire, which connects the 
quinone moiety to the electrode-binding thiol, consists of 
oligo(phenylenevinylene) (OPV), a highly conjugated moiety. In chapter 4 – 
as part of the electrochemical characterization of the Q-wires – it will be 
investigated whether the inclusion of an OPV section indeed enhances 
electron transfer rates, in comparison with fully saturated bridges. 
Additionally, the influence of bridge length on electron transfer kinetics will 
be assessed. Finally, the mechanism of the overall two-electron/two-proton 
reaction of the quinone head group will be investigated. 
In chapter 5, the electro-enzymology of four E. coli respiratory enzymes – 
succinate dehydrogenase, fumarate reductase, DMSO reductase and 
cytochrome bo3 ubiquinol oxidase – will be explored by means of cyclic 
voltammetry. Crucially, the Q-wires will be employed to provide electron 
transfer between electrode and enzyme. As will be discussed in this 
chapter, difficulties associated with reproducibility allowed only for 
qualitative analysis. Further optimizations are therefore still required to 
achieve quantitative electro-enzymology. Moreover, the stability of the 
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binding of the enzymes by the Q-wires remained unclear, perhaps 
suggesting a need for additional electrode surface modifications that result 
in full enzyme immobilization and allow for true PFV. 
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The ‘Q-wires’ introduced in chapter 1 have three different functionalities: a 
quinone moiety that can interact with enzymes; a conjugated 
oligo(phenylenevinylene) (OPV) molecular wire that enables non-rate-
limiting electron transport between electrode and enzyme [1, 2]; and a 
terminal methyl thiol that allows the wire to bind gold surfaces, forming a 
‘self-assembled monolayer’ or ‘SAM’ [3]. As can be observed in figure 1, the 
quinol moiety (here: ubiquinone and menaquinone) and the OPV system 
are connected through a methylene bridge. This sp3 carbon separates the 
quinone moiety from the molecular wire, preserving its natural redox 
properties, and, in addition, providing flexibility suspected to be essential 
for interactions with enzymes. 
 
Figure 1 General structure of the ubiquinone- (left) and menaquinone-terminated 
(right) ‘Q-wires’ 
 
As will be described below, it was decided to synthesize the quinone 
moieties and OPV wires (of different lengths) separately, and to join both 
parts in a later stage using a Grubbs olefin metathesis reaction [4, 5, 6]. This 
would allow for many possible quinone-OPV wire combinations. However, 
complications forced the envisioned strategy to be considerably modified. 
One alternative synthesis method removes the necessity of the Grubbs 
metathesis reaction altogether, and features a Wittig coupling instead. 
Another strategy, which proved the most successful, changes the location 
of the Grubbs metathesis reaction in the molecule, allowing for a cross 
metathesis reaction between two vinyl groups, instead of an allyl and vinyl 
group.  
As mentioned previously, oligo(phenylenevinylene) (OPV) molecular wires 
are capable of fast electron transport [1, 2]. To verify whether the use of an 
OPV section in the Q-wires indeed improves electron transport rates, a fully 
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saturated ‘wire’ (i.e. a quinone moiety attached to an alkanethiol) was 
synthesized as well. In addition, it was attempted to synthesize a fully 
conjugated wire, linking the quinone unit directly to the OPV system, in 
order to assess the influence of the aforementioned methylene bridge on 
electron transfer rates. The (unsuccessful) synthesis of the latter Q-wire is 
described below. The electron transfer characteristics of the Q-wires will be 
elaborated on in chapter 4. 
The ultimate goal of this study was to achieve a fully immobilized 
(sub)monolayer of a redox enzyme on an electrode surface, where a Q-wire 
was to provide non-rate-limiting electron transport between enzyme and 
electrode. Because it was suspected that the Q-wires may not achieve 
enzyme immobilization by themselves, some effort was put into the 
optimization of the SAM composition. Trimethyl-ammonium-terminated 
alkanethiols, for instance, could aid in the anchoring of enzymes that carry 
negatively charged surface patches. This approach was inspired by 
quatenary ammonium-modified anion-exchange materials widely used for 
protein purification. As will be explained below, these efforts have not yet 
led to a clear enhancement in binding/activity of the enzymes that were 
tested. 
This chapter aims to reflect the exploration of the chemistry of the Q-wires 
that was required to arrive at a functional and practical method of 
synthesis, while chapter 3 provides a detailed description of the method 
that was developed here, which eventually allowed for the synthesis of the 
desired Q-wires. 
2.2.1 Background 
The synthesis of oligo(phenylenevinylene) can be achieved by alternating 
Heck coupling [7] and Horner-Wadsworth-Emmons coupling [8] or Wittig 
reactions [9], in which (p-halogen) benzaldehydes often play a crucial role 
[1, 10, 11, 12]. Scheme 1 exemplifies this recurring strategy: a Heck 
coupling between vinylferrocene and a p-bromobenzaldehyde is followed 
by a Wittig conversion of the terminal aldehyde to a vinyl, to allow for a 
second Heck coupling with p-iodobenzaldehyde. The introduction of the 
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terminal methyl thiol is achieved by reduction of the terminal aldehyde, 
followed by the conversion of the resulting benzyl alcohol to benzyl 
thioacetate by means of a Mitsunobu reaction [13]. Deacetylation provides 
the desired benzyl thiol. 
Longer OPV chains suffer from poor solubility in most solvents and thus 
require solubilization by addition of solubilizing substituents to the phenyl 
rings (ethoxy substituents in scheme 1, for example). It may be argued that 
such modifications have undesired interactions with enzymes or affect the 
redox properties of the molecule, and are therefore to be avoided. 
Furthermore, such modifications may hinder (desired) dense packing in a 
self-assembled monolayer on a gold surface. However, the effects on 
proper SAM formation were previously found to be of minimal concern [1]. 
Nevertheless, in the synthesis strategy outlined below, it was decided to 
avoid adding substituents to the phenyl rings if possible. 
 
Scheme 1  Synthesis of a ferrocene-OPV-methylthiol wire (adapted from reference 
[1]): (a) Pd(OAc)2, P(o-tolyl)3, NBu3, DMA; (b) n-BuLi, PPh3CH3Br, THF; (c) 
palladacycle, NaOAc, DMA; (d) NaBH4, THF; (e) DEAD, PPh3, AcSH, THF; (f) LiAlH4, 
THF 
 
2.2.2 Original synthesis strategy  
Although scheme 1 served as a starting point in designing a synthesis 
strategy, it was decided to introduce the quinone moiety – the redox-active 
part of the wire – during a late stage in the synthesis, thereby allowing for 
the attachment of different types of quinones to the same OPV wire. 
Furthermore, in the final product, the quinone moiety is uncoupled from 
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the conjugated wire by a methylene bridge, which prohibits a reaction 
comparable to the initial Heck coupling reaction encountered in scheme 1. 
As a final step (scheme 3), a Grubbs olefin metathesis reaction between the 
allylic compound 1 and the vinyl of an OPV wire was therefore selected 
(comparable to, e.g. [4]). Additionally, by attaching the quinone moieties 
during a late stage in the synthesis, concerns about the stability of these 
groups were largely circumvented. 
The synthesis of the methyl-thioacetate-terminated OPV wires, starting 
from p-divinyl benzene, is summarized in scheme 2. 
 
Scheme 2 Schematic overview of the synthesis of methyl thioacetate-terminated 
OPV wires of arbitrary length; wire elongation is achieved by alternating the 
depicted Heck (a) and Wittig (b) reactions: (a) p-Br-benzaldehyde, Et3N, Pd(OAc)2, 
P(o-tolyl)3, DMF, 80°C, 24 h; (b) PPh3CH3Br, t-BuOK, THF, 0°C 1.5 h, then RT 1 h; (c) 
reducing agent; (d) DCAD, PPh3, AcSH, THF, RT, 18 h    
 
The attachment of ‘allyl ubiquinone’ (1) to the OPV wires by means of a 
Grubbs olefin metathesis reaction is depicted in scheme 3. 
 
Scheme 3 Synthesis of a ubiquinone-terminated ‘Q-wire’ of arbitrary length, by 
means of a Grubbs cross metathesis reaction: (a) 2nd generation Grubbs catalyst, 
DCM, RT, ≥ 18 h 
 
Several different methods for obtaining ‘allyl ubiquinone’ (1) can be found 
in literature [14, 15]. Perhaps the most straightforward strategy has been 
outlined in scheme 4. Here, commercially available 2,3-dimethoxy-5-
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methyl-1,4-benzoquinone is reacted with cyclopentadiene, resulting in the 
Diels-Alder cycloadduct 2 [16], which is subsequently treated with 
potassium tert-butoxide. After addition of allyl bromide, compound 3 is 
obtained. This compound undergoes a retro-Diels-Alder reaction by 
heating, which gives the desired ‘allyl ubiquinone’ (1). 
 
Scheme 4 Synthesis of ‘allyl ubiquinone’ 1 (adapted from [14]): (a) 
cyclopentadiene, glacial AcOH, RT,  94%; (b) t-BuOK, THF, 0°C, 80%; (c) toluene, 
110°C, 98% 
 
2.2.3 Experimental challenges 
During synthesis of the OPV wires (scheme 5), solubility issues were 
encountered already after the first Heck coupling reaction. Compound 4 
proved to be poorly soluble in common solvents, causing complications 
during purification (e.g. broad elution peaks) and analysis (precipitation). A 
second Heck coupling between p-bromobenzaldehyde and 5 resulted in 
compound 6, exhibiting even worse solubility properties, obstructing 
further reactions with this compound. An attempt to address this problem 
was made by reacting 5 (and p-divinylbenzene) with 4-bromo-2,5-
dimethoxy-benzaldehyde instead. However, this did not lead to a 
detectable amount of product.  
 
Scheme 5 Synthesis of 6: (a) PPh3CH3Br, t-BuOK, THF, 0°C 1.5 h, then RT, 1 h; (b) p-





Further complications were encountered during the reduction of compound 
4. Reduction using sodium borohydride to afford compound 7 was 
unsuccessful. Subsequent efforts to obtain 7 included the use of milder 
reducing agents, such as sodium cyanoborohydride and sodium triacetoxy-
borohydride, and changing solvent composition (THF, MeOH, CHCl3, DCM, i-
PrOH, or mixtures thereof). However, none of these efforts resulted in the 
desired product. 
During a later stage of the synthesis, when the strategy outlined here was 
already abandoned, it was discovered that diisobutylaluminium hydride 
(DIBAL-H) is very suitable for the reduction of compound 4 to 7, achieving 
yields up to 80%. 
 
Scheme 6 Reduction of 4: (a) THF, 0°C, dropwise addition of 1 M DIBAL-H in THF,  
then RT, 15 min   
 
In addition to the aforementioned obstacles, the discovery that the Grubbs 
olefin metathesis depicted in scheme 3 would not be successful for m > 0, 
presented a more insurmountable problem and ultimately led to the 
abandonment of the strategy presented in the above sections. Several 
alternatives were considered, two of which are elaborated on below. 
2.3.1 Wittig reagent alternative 
Scheme 7 depicts the synthesis of a fully conjugated hydroquinone OPV 
wire [12], which does not rely on a Grubbs olefin metathesis. A Horner-
Wadsworth-Emmons coupling between 4-(bromomethyl)benzaldehyde and 
compound 8, results in an OPV wire featuring a terminal aldehyde. This 
aldehyde can then be used to couple the (protected) quinone moiety to the 
wire, by means of a Wittig reaction. The Wittig reagent 9, a triphenyl 





Scheme 7 Synthesis of a hydroquinone-terminated OPV wire (adapted from [12]): 
(a) t-BuOK, THF; (b) HCl, THF, 65°C; (c) NaH, THF; (d) KSAc, DMF, 80°C; (e) I2 (cat.), 
toluene, reflux; (f) BBr3, DCM, -78°C   
 
The synthesis of a comparable Wittig reagent, consisting of a (protected) 
ubiquinone moiety, can be envisioned. Once obtained, this reagent can be 
used to couple a ubiquinone unit to any aldehyde-terminated OPV wire, 
abolishing the need for a Grubbs metathesis reaction. A possible synthesis 
method can be found in scheme 8. After the introduction of an aldehyde 
group to commercially available 1,2,3,4-tetramethoxy-5-methylbenzene by 
means of a Rieche formylation reaction [17, 18] and its subsequent 
conversion to a vinyl group (Wittig), 9-borabicyclo(3.3.1)nonaan (9-BBN) 
and hydrogen peroxide are used to specifically convert the vinyl to a 
terminal, primary alcohol [19]. Phosphorus tribromide is then used to 
convert the alcohol to an alkyl bromide [17, 20], which, after reacting with 









Scheme 8 Synthesis of a Wittig reagent carrying a protected ubiquinone unit: (a) 
HCl2COCH3, 1 M TiCl4 dropwise, DCM, 0°C, then RT, 5 h; (b) PPh3CH3Br, t-BuOK, THF, 
0°C, then RT, 18 h; (c) 9-BBN, THF, then NaOH, H2O2, H2O; (d) PBr3, Et2O, 0°C, 20 
min; (e) PPh3, toluene, reflux    
 
Although compound 11 was successfully obtained from 10 and this 
synthesis method may probably still be feasible, it was suspended in favor 
of the alternative method described below. 
2.3.2 Diels-Alder cycloadduct alternative 
Another method to circumvent the problems associated with the Grubbs 
metathesis reaction encountered in the original synthesis strategy, could 
utilize the approach outlined in scheme 4 and generalized in scheme 9. 
Here – in principle – any convenient R moiety could be introduced, allowing 
for many different types of subsequent reactions. 
 
Scheme 9 Generalized approach to obtain a ubiquinone moiety carrying any 
methylene-R group: (a) t-BuOK, THF, 0°C (b) toluene, reflux 
 
In reality, however, only allylic bromides could be attached successfully, 
perhaps due to the increased stability of the allylic cation. The successful 
attachment of cinnamyl bromide (scheme 10) inspired a new strategy 
(scheme 11 and 12). Although still dependent on a Grubbs cross metathesis, 
this reaction would now essentially couple two substituted styrenes, which 



































Scheme 10 Cinnamyl-modified compound 2: (a) t-BuOK, THF, 0°C 
 
As mentioned above, the attachment of p-vinyl cinnamyl bromide – the 
synthesis of which can be found in chapter 3 – to compound 2, and 
subsequent removal of the cyclopentadiene ring (scheme 11), yielded a 
styryl-terminated compound 12, which was suspected to successfully 
couple to S-4-vinylbenzyl thioacetate (13) by means of a Grubbs cross 
metathesis reaction (scheme 12). 
 
Scheme 11 Synthesis of 12: (a) cyclopentadiene, glacial AcOH, RT; (b) t-BuOK, THF, 
0°C; (c) toluene, reflux 
 
Besides the formation of dimers of especially compound 13, an additional 
complication was observed. Not only the terminal vinyl proved to 
participate in the cross metathesis, but an internal double bond as well 
(indicated with an asterisk in scheme 12), leading to the inadvertent 
synthesis of Q-wires of different length (i.e. U1 and U2; for naming 
convention, see chapter 1). Separation of the desired product from the 
numerous byproducts and starting materials proved challenging and 
required several rounds of careful purification, leading to relatively low, yet 
– for our purposes – satisfactory yields. The synthesis strategy outlined 
here, together with the fully analogous synthesis of menaquinone-





Scheme 12 Synthesis of U2 (and U1 as a byproduct): (a) 2
nd generation Grubbs 
catalyst, DCM, RT, ≥ 18 h. The asterisks indicate reactive double bonds 
 
2.4 Verification of fast electron transport by Q-wires 
To verify whether the OPV sections in the Q-wires indeed improve electron 
transfer rates, in comparison with equally long ubiquinone-terminated 
alkanethiol wires, it was decided to synthesize compound 14, which is 
similar in length to compound U2. Starting from commercially available 
idebenone, a single Mitsunobu reaction [13] sufficed to afford the desired 
product (scheme 13). 
 
Scheme 13 Synthesis of 14: (a) DCAD, PPh3, AcSH, THF, 0°C, then RT, 18 h  
 
In addition, to assess the influence of the aforementioned sp3 carbon on 
electron transfer rates, it was attempted to synthesize a fully conjugated Q-
wire (18 - scheme 14). Here, the quinone moiety is not uncoupled from the 
conjugated OPV wire, which is anticipated to influence the redox properties 










































Scheme 14 Synthesis of 18: (a) t-BuOK, THF, 0°C, then RT, 40 h; (b) 2nd generation 
Grubbs catalyst, DCM, RT, 40 h; (c) I2 (cat.), toluene, reflux, 3h; (d) several 
unsuccessful attempts 
 
Reacting the aldehyde 10 with the phosphonium salt 15 in a Wittig coupling 
reaction, results in an E/Z mixture of compound 16. Similar to the cross 
metathesis encountered in scheme 12, coupling 13 and 16 yielded 
compound 17, after which isomerization was performed to obtain the all-
trans Q-wire. Although extensively described in the literature [14, 15, 17], 
the oxidative demethylation of (specifically) the para-methyl ethers by ceric 
ammonium nitrate (CAN) proved unsuccessful to afford 18. In addition, 
oxidation by silver (II) oxide [15, 21] yielded no product. Deprotection 
attempts using (bis(trifluoroacetoxy)iodo)benzene (PIFA) [22, 23] or boron 
tribromide [12] were not successful either. Efforts to deprotect compound 
16 instead, prior to the Grubbs metathesis, were ineffective as well. 
2.5 Additional electrode surface modifications 
The ultimate goal of this study was to achieve a fully immobilized 
(sub)monolayer of a redox enzyme of interest on an electrode surface, 
where an appropriate Q-wire was to provide non-rate-limiting electron 
transport between enzyme and electrode. Because it was considered to be 
unlikely that Q-wires could achieve enzyme immobilization by themselves, 
some effort was put into the optimization of the SAM composition. 
Trimethyl-ammonium-terminated alkanethiols, for instance, could aid in the 
anchoring of enzymes that carry negatively charged surface patches.  
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The synthesis of one such trimethyl-ammonium-terminated alkanethiol, 
compound 22, is outlined in scheme 15. Starting from 1,10-dibromodecane, 
two subsequent substitution reactions and a thioester hydrolysis yielded 
the desired compound 22 [24, 25]. 
 
Scheme 15 Synthesis of 22: (a) NMe3, toluene, RT, 120 h; (b) KSAc, H2O, 60°C, 16 h; 
(c) 4 M HCl, 85°C, 1 h 
 
In addition, instead of a fully saturated linker, a fully conjugated linker was 
considered as well. The synthesis of compound 25, outlined in scheme 16, is 
fully analogous to the previous method. 
Scheme 16 Synthesis of 25: (a) 2nd generation Grubbs catalyst, DCM, RT, 60 h; (b) 
NMe3, toluene, RT, 48 h; (c) KSAc, aceton/MeOH, RT, 18 h 
 
Preliminary experiments revealed that compound 22 does not form a full 
SAM. However, when supplemented with an additional, uncharged co-SAM, 
such as heptanethiol, a denser SAM was formed. Electrodes decorated with 
Q-wire, compound 22 and heptanethiol (comparable to the standard 
electrode surface modification in chapter 5) did not yet show enhanced 
activity or immobilization of the cenzymes that were studied (data not 
shown). Further attempts at optimization of the aforementioned system 
were therefore abandoned. However, some possible applications of the 





2.6 Conclusion & outlook 
As will be discussed in chapter 3, the synthetic strategy developed in this 
chapter allowed for the synthesis of a series of ubiquinone- and 
menaquinone-terminated OPV molecular wires. Without solubilizing 
substituents on the phenyl rings, a maximum length of three ‘OPV units’ 
was achieved (n = 3 in figure 1). An even longer wire, however, may be 
required to reach a particularly deeply buried active site of an enzyme, or to 
keep an enzyme at a secure distance from the electrode. Recently, an 
alternative to the OPV synthesis strategy outlined in scheme 1 was 
described [26]; Horner-Wadsworth-Emmons reagents similar to reagent 8 
depicted in scheme 7, carrying solubilizing substituents and a p-nitrile 
instead of a p-acetal, were used to elongate an aldehyde-terminated OPV 
chain. Subsequent conversion of the now terminal nitrile to an aldehyde 
then allowed for further elongation, resulting in chains up to seven ‘OPV 
units’ in length in good yield. The Wittig reagent depicted in scheme 8 could 
then be reacted with the terminal aldehyde of such an OPV wire, resulting 
in a Q-wire of superior length. In this scenario, however, similar issues 
regarding the deprotection of compound 17 may be encountered. It may 
therefore be necessary to consider the use of alternative protecting groups, 
capable of withstanding the reactions summarized in scheme 8, in addition 
to the Wittig reaction described above. This strategy may additionally lead 
to the completion of the synthesis of compound 18. A comparison of the 
electrochemical behavior of this Q-wire to that of U2 and USAT, which are of 
similar length, would shed more light on the rather puzzling results 
described in chapter 4. 
It may be of interest to subject the trimethyl-ammonium-terminated wires, 
introduced in the previous section, to further study. As described for the 
wires depicted in figure 3, chapter 1, a – possibly genetically engineered – 
region near the active site of an enzyme of interest could be used to tether 
the enzyme to an electrode using the wires discussed here, establishing a 
direct electron pathway. A patch of negatively charged amino acids, for 
instance, could provide the interactions required for anchoring the enzyme. 
Once immobilized, protein film voltammetry could then be employed to 
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assess the differences between compounds 22 and (deprotected) 25 in 
terms of their electron transfer characteristics. In an alternative scenario, 
said wires may aid in the prevention of undesired interactions between 
positively charged proteins and the electrode surface. In the study of 
Complex III – cytochrome bc1 – for example, interactions between the 
electrode and the positively charged substrate cytochrome c, present in the 
electrolyte, may be undesired. The aforementioned wires could then repel 
cytochrome c from the electrode, preventing interfering interactions.     
As mentioned before, the Q-wires 
may bind enzymes only transiently, 
and may therefore not be able to fully 
immobilize them. Stronger enzyme-
wire interactions may be achieved by 
utilizing alternative head groups, consisting of, for example, (parts of) 
enzyme inhibitors or non-natural quinone derivatives. The respiratory chain 
inhibitor HQNO (N-oxo-2-heptyl-4-hydroxyquinoline), for instance, binds 
tightly to quinone binding sites [27 28, 29]. Therefore, an HQNO-terminated 
OPV wire (figure 2) could be a viable candidate for further research. 
2.7 Experimental section 
This section describes the synthesis of the compounds that do not feature 
in chapter 3. If the synthesis of a compound is not listed here, the 
compound can either be: described in chapter 3; obtained from a 
commercial source; or taken from literature. THF and diethyl ether were 
dried over 60% sodium hydride in mineral oil for several hours, prior to 
distillation under reduced pressure. Dry DCM and DMF were purchased. 
Flash chromatography was performed on Screening Devices B.V. silica gel 
60 (0.040-0.063 mm). NMR spectra were recorded on a Bruker DPX-300 









To a stirring suspension of 
methyltriphenylphosphonium bromide (3.57 g, 10 
mmol) in 100 mL dry THF under an argon atmosphere 
at 0°C, potassium t-butoxide (1.12 g, 10 mmol) was 
added in portions. A separate solution of (E)-4-(4-
vinylstyryl)benzaldehyde (4) (2.35 g, 10 mmol) in 50 mL dry THF was added 
dropwise. The mixture was stirred for 1.5 hrs at 0°C and an additional hour 
at room temperature, after which TLC indicated completion. The solvent 
was evaporated and the resulting slurry was redissolved in diethyl ether, to 
which silica powder was added.  After drying to the air, the powder-like 
substance was poured on top of a silica gel column (PET), and the product 
was eluted with PET, resulting in a broad elution peak. This provided 
approximately 500 mg (20% - further purification of impure fractions may 
improve the yield) of a light yellow solid. 1H NMR (300 MHz, CDCl3): δ = 7.48 
(d, J = 8.4 Hz, 4H), 7.41 (d, J = 8.4 Hz, 4H), 7.10 (s, 2H), 6.72 (dd, J1 = 17.6 Hz, 
J2 = 10.9 Hz, 2H), 5.77 (d, J = 17.7 Hz, 2H), 5.26 (d, J = 10.8 Hz, 2H). 13C NMR 
(75 MHz, CDCl3): δ = 137.0, 136.5, 128.3, 126.8, 126.7, 113.9. 
4-((E)-4-((E)-4-vinylstyryl)styryl)benzaldehyde (6) 
p-bromobenzaldehyde (285 mg, 1.5 mmol), 
(E)-1,2-bis(4-vinylphenyl)ethene (5) (200 
mg, 0.9  mmol) and triethylamine (233 mg, 
2.3 mmol) were added to a round-bottom 
flask containing 10 mL of dry DMF. After 
purging with argon, palladium (II) acetate (23 mg, 0.1 mmol) and tri(o-
tolyl)phosphine (47 mg, 0.15 mmol) were added to the stirring solution. The 
mixture was allowed to react for approximately 170 hrs at 80°C under an 
argon atmosphere. During this period, palladium (II) acetate, tri(o-
tolyl)phosphine and triethylamine were replenished twice. The solvent was 
subsequently removed under vacuum. The residue was redissolved in 
diethyl ether and silica powder was added. After evaporation of the ether, 
the resulting powder was poured on top of a silica gel column, after which a 
crude purification was performed, using DCM as eluent. The fractions 
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containing the crude product were combined and after the eluent was 
removed under vacuum, a second round of silica gel column 
chromatography was performed, using a PET/DCM gradient (1:0 to 0:1). 
This purification was repeated once more, resulting in 30 mg (10%) of a 
virtually insoluble light yellow solid. 1H NMR (300 MHz, CD2Cl2): δ = 9.75 (s, 
1H), 7.88 (d, J = 9.0 Hz, 2H), 7.71 (d, J = 9.0 Hz, 2H), 7.58 (s, 4H), 7.53 (d, J = 
9.0 Hz, 2H), 7.46 (d, J = 6.0 Hz, 2H), 7.27 (d, J = 15.0 Hz, 2H), 7.16 (s, 2H), 
6.71 (dd, J1 = 18.0 Hz, J2 = 6.0 Hz, 1H), 5.79 (d, J = 21.0 Hz, 1H), overlaps with 
DCM peak (d, 1H). 
2,3,4,5-tetramethoxy-6-methylbenzaldehyde (10) 
The following procedure was derived from a previously 
described protocol [18]. To a stirring solution of 2 g (9.5 
mmol) 1,2,3,4-tetramethoxy-5-methylbenzene and 5 mL (35 
mmol) dichloromethyl methyl ether in 50 mL dry DCM 
under an argon atmosphere at 0°C, 3 mL of a 1M solution of TiCl4 in DCM (3 
mmol) was added dropwise over a period of several minutes. The reaction 
was continued at room temperature for 5 hrs under argon, after which the 
reaction mixture was poured into cold water. The aqueous phase was 
extracted with DCM twice (250 mL total). The organic phase was then dried 
over MgSO4 and, after filtration, the solvent was evaporated to afford 2 g 
(88%) of product that required no further purification. 1H NMR (300 MHz, 
CDCl3): δ = 10.43 (s, 1H), 4.03 (s, 3H), 3.95 (s, 3H), 3.91 (s, 3H), 3.77 (s, 3H), 
2.46 (s, 3H). 
1,2,3,4-tetramethoxy-5-methyl-6-vinylbenzene (11) 
Methyltriphenylphosphonium bromide (223 mg, 0.6 mmol) 
and 2,3,4,5-tetramethoxy-6-methylbenzaldehyde (10) (100 
mg, 0.4 mmol) were added to 5 mL of dry THF at 0°C. While 
stirring under an argon atmosphere, potassium t-butoxide 
(70 mg, 0.6 mmol) was added in portions. The reaction mixture was stirred 
overnight at room temperature, after which chloroform was added. The 
mixture was filtered and the solvents were evaporated, after which the 
residue was purified by means of silica gel column chromatography, 
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utilizing a PET/ethyl acetate gradient (1:0 to 4:1). This provided 30 mg (30%) 
of the desired compound. 1H NMR (300 MHz, CDCl3): δ = 6.67 (dd, J1 = 17.9 
Hz, J2 = 11.6 Hz, 1H), 5.58 (dd, J1 = 17.9 Hz, J2 = 1.9 Hz, 1H), 5.50 (dd, J1 = 
11.7 Hz, J2 = 2.1 Hz, 1H), 3.93 (s, 3H), 3.91 (s, 3H), 3.79 (s, 3H), 3.77 (s, 3H), 
2.22 (s, 3H). 
Triphenyl(4-vinylbenzyl)phosphonium chloride (15) 
To 50 mL of toluene, 4 mL of 4-vinylbenzyl chloride (21 
mmol) and 5 g of triphenylphosphine (19 mmol) were 
added. The mixture was refluxed for 8 hrs, after which 
it was cooled to room temperature and filtered. The 
residue was dried to provide 2 g (25%) of a white 
powder, which required no further purification. 1H NMR (300 MHz, CDCl3): 
δ = 7.59-7.83 (m, 15H), 7.15 (d, J = 8.1 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 6.60 
(dd, J1 = 17.6 Hz, J2 = 10.9 Hz, 1H), 5.67 (d, J = 17.4 Hz, 1H), 5.52 (d, J = 14.7 
Hz, 2H), 5.23 (d, J = 10.8 Hz, 1H). 
(E)-1,2,3,4-tetramethoxy-5-methyl-6-(4-vinylstyryl)benzene (16) 
Triphenyl(4-vinylbenzyl)phosphonium chloride (15) 
(2.8 g, 6.7 mmol) and 2,3,4,5-tetramethoxy-6-
methylbenzaldehyde (10) (1.2 g, 5 mmol) were 
added to 50 mL dry THF, after which the stirred 
suspension was purged with argon and cooled to 0°C. Potassium t-butoxide 
(850 mg, 7.6 mmol) was then added in portions. The mixture was then 
stirred for 40 hrs under an argon atmosphere at room temperature, after 
which it was filtered. The solvent was removed and the resulting crude 
product was subjected to silica gel column chromatography, utilizing a 
PET/DCM gradient (1:0 to 1:1), to afford approximately 1.1 g (65%) of a 
yellow oil, composed of a 63% E and 37% Z isomer mixture. To obtain the 
desired E isomer, 150 mg of this mixture was dissolved in 10 mL toluene, to 
which a catalytic amount of I2 was added. After refluxing for 3 hrs, the 
reaction mixture was cooled to room temperature and treated with a 10% 
aqueous potassium thiosulfate solution. The aqueous phase was extracted 
with DCM and the solvents were evaporated. The crude product was 
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purified as described above, affording 46 mg (31%) of the title compound as 
a yellow oil. 1H NMR (300 MHz, CDCl3): δ = 7.47 (d, J = 8.3 Hz, 2H), 7.40 (d, J 
= 8.3 Hz, 2H), 7.11 (d, J = 16.5 Hz, 1H), 7.03 (d, J = 16.8 Hz, 1H), 6.72 (dd, J1 = 
17.6 Hz, J2 = 10.9 Hz, 1H), 5.76 (d, J = 17.6 Hz, 1H), 5.24 (d, J = 10.9 Hz, 1H), 
3.95 (s, 3H), 3.93 (s, 3H), 3.81 (s, 3H), 3.78 (s, 3H), 2.30 (s, 3H). 
Towards (E)-2,3-dimethoxy-5-methyl-6-(4-vinylstyryl)cyclohexa-2,5-diene-
1,4-dione (19) 
Several attempts were made to obtain the title 
compound from compound 16 by demethylation 
of its 1- and 4-methoxy, none of which proved 
successful. The methods listed below were derived 
from literature ([17], [21] and [23], respectively): 
1. Compound 16 (40 mg, 0.12 mmol) was dissolved in a 5 mL mixture 
of 2:1 THF:water, to which 1.5 mL of a solution of 186 mg (0.34 
mmol) ceric ammonium nitrate (CAN) was added dropwise at 0°C 
under an argon atmosphere. The reaction mixture was warmed to 
room temperature and reacted for 2 hrs. After addition of water 
and extraction of the aqueous phase with DCM, evaporation of the 
organic phase resulted in a residue containing no detectable 
product. 
2. To a suspension of 147 mg of compound 16 (0.43 mmol) and 525 
mg of silver (II) oxide (4.24 mmol) in 10 mL THF, stirring at 0°C, 3.5 
mL of 6 N nitric acid was added, after which the reaction mixture 
turned clear. After 15 mins of reacting at room temperature, 50 mL 
of water was added. The aqueous phase was extracted with 
chloroform. The organic phase was washed with brine and 
subsequently dried over MgSO4. After filtration and removal of the 
solvent, the resulting thick orange oil was subjected to NMR-
analysis, revealing no appreciable amount of the title compound. 
3. A suspension of 100 mg of compound 16 (0.3 mmol) and 260 mg of 
(bis(trifluoroacetoxy)iodo)benzene (PIFA) (0.6 mmol) in 1.5 mL 
water, containing 0.05 mL methanol, was stirred for 45 mins at 
room temperature, after which the mixture was extracted with 
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ethyl acetate. The residue after evaporation of the solvents was 
subjected to silica gel column chromatography (using a DCM:ethyl 




S-4-vinylbenzyl thioacetate (13) (750 
mg, 4 mmol) and 1,2,3,4-tetramethoxy 
-5-methyl-6-(4-vinylstyryl) benzene  
(16, mixture of isomers) (950 mg, 2.8 
mmol) were dissolved in 25 mL dry, 
argon purged DCM. After the addition of 10 mg of Grubbs catalyst, 2nd 
generation, the mixture was stirred for 24 hrs under an argon atmosphere. 
After removal of the solvent, the crude mixture was applied to a silica gel 
column (PET), eluting with a gradient of PET/ethyl acetate (1:0 to 3:1) to 
afford 280 mg (20% - further purification of impure fractions may improve 
the yield) of the desired product as a mixture of E and Z isomers. 
Isomerization was performed as described for compound (16), however no 
further purification was required. 1H NMR (300 MHz, CDCl3): δ = 7.49 (s, 
4H), 7.08 (s, 2H), 7.03-7.46 (m, 6H), 4.10 (s, 2H), 3.95 (s, 3H), 3.93 (s, 3H), 
3.81 (s, 3H), 3.79 (s, 3H), 2.34 (s, 3H), 2.31 (s, 3H). 
Towards S-4-((E)-4-((E)-2-(4,5-dimethoxy-2-methyl-3,6-dioxocyclohexa-
1,4-dien-1-yl)vinyl)styryl)benzyl thioacetate (18)  
Several attempts were made to obtain 
the title compound from compound 17 
by demethylation of its 1- and 4-
methoxy, none of which proved 
successful. The methods listed below 
were derived from literature ([17], [23], [21] and [12], respectively): 
1. In a 5 mL 2:2:1 mixture of THF:acetonitrile:water stirring at 0°C, 140 








mg (0.6 mmol) ceric ammonium nitrate (CAN) in a 1:1 mixture of 
acetonitrile and water was added dropwise to the former solution, 
over a period of 15 mins. After stirring at 0°C for 15 mins, the 
reaction mixture was allowed to warm to room temperature and 
allowed to react for an additional 15 mins, after which 10 mL of 
water was added. The mixture was extracted with four portions of 
25 mL DCM. The organic phases were combined and the solvent 
was evaporated. The residue was subjected to silica column 
chromatography, but no appreciable amount of product was found. 
2. Compound 17 (40 mg, 0.08 mmol) was dissolved in 2.5 mL of a 4:1 
acetonitrile:water mixture. While being stirred at 0°C under an 
argon atmosphere, 68 mg (0.16 mmol) 
(bis(trifluoroacetoxy)iodo)benzene (PIFA) was added. The reaction 
was allowed to proceed for 2 hrs at room temperature, after which 
5 mL of a dilute bicarbonate solution was added. The mixture was 
extracted with chloroform. The organic phase was treated with 
brine and dried over MgSO4, after which the solvents were 
removed. NMR analysis revealed relatively intact starting material, 
but no desired product.  
3. To a suspension of 40 mg of compound 17 (0.08 mmol) and 60 mg 
of silver (II) oxide (0.48 mmol) in 3 mL THF, stirring at 0°C, 0.4 mL of 
6 N nitric acid was added. After 20 mins of reacting at room 
temperature, water was added. The aqueous phase was extracted 
with chloroform. The organic phase was washed with a 1 M 
bicarbonate solution and brine, after which the solvent was 
evaporated. The resulting residue was subjected to NMR-analysis, 
revealing destruction of the starting material and no appreciable 
amount of the title compound. 
4. To 5 mL of dry DCM under argon, compound 17 was added (50 mg, 
0.1 mmol). The stirring solution was cooled to -78°C, after which 0.3 
mL of a 1 M boron tribromide (0.3 mmol) solution was added 
dropwise. The reaction mixture was allowed to warm to room 
temperature and react for 30 mins. Water was added to the 
mixture and stirring was continued for another 30 mins, after which 
the mixture was extracted with ethyl acetate. The organic phase 
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was treated with brine and dried over MgSO4, after which the 
solvents were evaporated. NMR analysis of the residue suggested 
that no reaction had occurred, and therefore no product had been 
formed. 
10-bromo-N,N,N-trimethyldecan-1-aminium bromide (20) 
The following protocol was based on a method 
described earlier [25]. To a stirred solution of 6 g 
of 1,10-dibromodecane (20 mmol) in 30 mL toluene, 4 mL of a 33% solution 
of trimethylamine in ethanol (~18 mmol) was added dropwise. The reaction 
mixture was stirred for 5 days, after which it was treated as described in the 
aforementioned protocol. This afforded 1.5 g (22%) of the title compound. 
1H NMR (300 MHz, D2O): δ = 3.53 (t, J = 6.9 Hz, 2H), 3.28-3.34 (m, 2H), 3.10 
(s, 9H), 1.83-1.93 (m, 2H), 1.72-1.83 (m, 2H), 1.3-1.5 (m, 12H). 
10-(acetylthio)-N,N,N-trimethyldecan-1-aminium (21) 
A solution of 1.5 g (4 mmol) of 10-bromo-
N,N,N-trimethyldecan-1-aminium bromide 
(20) and 0.7 g (6 mmol) potassium thioacetate in 15 mL water was stirred 
for 16 hrs at 60°C, after which work-up was performed as described 
previously [24]. An additional purification by means of silica gel column 
chromatography, utilizing DCM/methanol gradient (1:0 to 4:1), was 
required to obtain 420 mg (30%) of the title product as a brown solid. 1H 
NMR (300 MHz, D2O): δ = 3.35-3.40 (m, 2H), 3.16 (s, 9H), 2.89 (t, J = 7.3 Hz, 
2H), 2.38 (s, 3H), 1.75-1.86 (m, 2H), 1.52-1.64 (m, 2H), 1.32-1.43 (m, 12H). 
10-mercapto-N,N,N-trimethyldecan-1-aminium (22) 
To achieve deacetylation, compound 21 was 
dissolved in 10 mL 4M HCl and stirred at 85°C 
for 1 hr, as described previously [24]. The 
aqueous phase was then extracted with DCM. After removal of the organic 
phase, 40 mg (10%) of the title compound was obtained as a brown liquid. 
1H NMR (300 MHz, D2O): δ = 3.26-3.32 (m, 2H), 3.09 (s, 9H), 2.53 (t, J = 7.1 




To 40 mL of dry, argon-purged DCM, 4-
vinylbenzyl chloride (5 mL, 26 mmol) and 10 mg 
of Grubbs catalyst, 2nd generation, were added. 
The solution was stirred for 60 hrs under an argon atmosphere, during 
which the catalyst was replenished once. The solvent was removed under 
vacuum and PET was added to the crude mixture to form a suspension, 
which was subsequently filtered. The residue was washed with PET and 
dried to afford 1.6 g (46%) of the target compound as an off-white solid, 
which required no further purification. 1H NMR (300 MHz, CDCl3): δ = 7.51 
(d, J = 8.1 Hz, 4H), 7.38 (d, J = 8.4 Hz, 4H), 7.11 (s, 2H), 4.60 (s, 4H). 
(E)-1-(4-(4-(chloromethyl)styryl)phenyl)-N,N,N-trimethylmethanaminium 
chloride (24) 
(E)-1,2-bis(4-(chloromethyl)phenyl)ethane (1 g, 
3.6 mmol) (23) and 0.86 mL of a 33% 
trimethylamine solution in ethanol (3.6 mmol) 
were added to 50 mL toluene. The mixture was stirred for 2 days at room 
temperature, after which it was diluted with diethyl ether and filtered. The 
residue was washed with additional ether and allowed to dry, affording 
approximately 1 g (~85%) of the desired product. 1H NMR (300 MHz, 
MeOD): δ = 7.61 (d, J = 7.8 Hz, 2H), 7.49 (d, J = 8.7 Hz, 4H), 7.33 (d, J = 8.1 
Hz, 2H), 7.21 (d, J = 16.8 Hz, 1H), 7.13 (d, J = 16.5 Hz, 1H), 4.57 (s, 2H), 4.50 
(s, 2H), 3.06 (s, 9H). 
(E)-1-(4-(4-((acetylthio)methyl)styryl)phenyl)-N,N,N-trimethyl-
methanaminium (25) 
To 7 mL of a 3:1 aceton:methanol mixture, 
300 mg potassium thioacetate (2.6 mmol) 
and 0.85 g (2.5 mmol) of (E)-1-(4-(4-
(chloromethyl) styryl)phenyl)-N,N,N-
trimethyl-methanaminium chloride (24) were added, after which the 
mixture was stirred overnight at room temperature. The mixture was then 
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diluted with methanol and filtered. The solvent was removed from the 
filtrate and the resulting crude product was applied to a silica gel column 
(DCM) and purified using an eluent gradient (DCM/methanol 1:0 to 0:1), 
yielding 410 mg (44%) of the title compound. 1H NMR (300 MHz, MeOD): δ 
= 7.63 (d, J = 8.4 Hz, 2H), 7.49 (d (overlapping), J = 8.4 Hz, 2H), 7.44 (d 
(overlapping), J = 8.4 Hz, 2H), 7.22 (d (overlapping), J = 8.1 Hz, 2H), 7.21 (d 
(overlapping), J = 15.9 Hz, 1H), 7.13 (d (overlapping), J = 16.5 Hz, 1H), 4.49 
(s, 2H), 4.05 (s, 2H), 3.06 (s, 9H), 2.23 (s, 3H). 
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The cytoplasmic membrane of many organisms is populated with quinones, 
some of which participate in the aerobic or an alternative respiratory chain, 
shuttling electrons between often membrane-bound oxidoreductases [1]. 
Electrochemical research in these enzymes may be performed by using 
soluble analogues of these quinones, mediating electron transfer between 
electrode and enzyme. The applicability of mediators may be limited, 
however, since complex diffusional and kinetic effects complicate data 
interpretation and reproducibility. Direct, non-mediated electron transfer 
between electrode and enzyme is only meaningful when the enzyme’s 
active site can directly exchange electrons with the electrode surface, and, 
additionally, the enzyme is structurally/functionally unaffected by the 
surface, which is frequently not the case (see chapter 1). 
Here, we present a third approach in addition to mediated and direct 
electron transfer: the application of ‘Q-wires’. The quinone moieties are not 
allowed to freely diffuse, but are instead linked to the electrode surface 
using molecular wires. These wires, which terminate in a gold-electrode-
binding methyl thiol, are composed of a segment of semi-conductive, fully 
conjugated oligo(phenylenevinylene) (OPV) (see figure 1 for their 
thioacetate ester analogues). Direct, non-rate-limiting electron transport 
from the electrode surface to the quinone unit is therefore expected [2, 3], 
and, when interacting with the active site of an oxidoreductase, direct 
electron transfer between electrode and enzyme should be established as 
well. 
In this chapter, the synthesis of a series of ubiquinone- and menaquinone-
terminated molecular wires – varying in the length of the OPV systems – 
(figure 1) will be described. From a general perspective, the synthesis of the 
quinone and OPV parts were performed separately, and both parts were 
connected in a final synthesis step using Grubbs olefin metathesis [4, 5, 6]. 
Although ultimately successful, several complications had to be overcome. 
Besides the formation of byproducts (e.g. homodimers) and, consequently, 
challenging purifications, it was found that not all combinations of cross 
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metathesis partners resulted in the desired product. Nevertheless, 
sufficient amounts of satisfactorily pure products were obtained. 
Besides the conjugated wires U0-U3 and M0-M3 (figure 1), a fully saturated 
wire USAT was synthesized as well. By comparing the electrochemical 
properties of both classes of wire (chapter 4), verification of whether the 
presence of an OPV system indeed enhances electron transfer rates is 
possible. 
 
Figure 1 ‘Q-wires’ synthesized in this study  
 
3.2 Results and discussion 
As mentioned previously, it was decided to synthesize the quinone moieties 
and the vinyl-terminated OPV methyl thiol wire separately, and join both 
parts in a later stage using Grubbs olefin metathesis. This provides a level of 
flexibility in their composition (i.e. alternative quinone moiety; variation in 
length of the OPV segment). The Grubbs olefin metathesis reactions 
performed in this study are depicted in scheme 1 and 2.  
Initially, it was expected that the synthesis of ‘allyl ubiquinone’ (11) and 
‘allyl menaquinone’ (15) would suffice, and that they could be linked to any 
length of vinyl-terminated OPV methyl thiol wire. In accordance with the 
literature [4], the connection between an allyl derivative (11) and a styrene 
(6) was indeed achieved to provide compound U1. Curiously, however, the 
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cross metathesis between compound 10 and 11 proved unsuccessful using 
2nd generation Grubbs catalyst. An observation that (substituted) styrenes 
generally undergo successful cross metathesis inspired an alternative 
approach to obtain compound U2. The location where the quinone moiety 
and the OPV wire were to be connected to provide the desired molecule U2 
was moved, instead envisioning a cross metathesis between compounds 6 
and 12 – both of which can be considered substituted styrenes. 
Scheme 1 Synthesis of Q-wires U0-U3 by means of Grubbs olefin metathesis: (a-d) 
2nd generation Grubbs catalyst, DCM, RT, 18 h; (a) 29%; (b) 16%; (c) 10%; (d) 8%. 
The asterisk indicates an additional reactive double bond, besides the vinyl group  
 
Indeed, the reaction described above (scheme 1, reaction c) provided an 
acceptable amount of compound U2. Similarly, by reacting 10 and 12, 
compound U3 could be obtained (scheme 1, reaction d). However, besides 
the anticipated complicating factors such as formation of homodimers and 
reaction incompleteness, an additional issue was identified. In both cases, 
not only the expected wires were found, but also wires that were one 
styrene moiety shorter (i.e. in scheme 1, U1 was found in reaction c and U2 
in reaction d). A likely explanation for the presence of these byproducts is 












































asterisk in scheme 1. Several rounds of purification were required to isolate 
the desired products from the complex mixtures, resulting in low yields 
(typically 5-10%). 
The synthesis of wires M0 through M3, depicted in scheme 2, was fully 
analogous to the synthesis of wires U0 through U3, outlined in scheme 1. 
 
Scheme 2 Synthesis of Q-wires M0-M3 by means of Grubbs olefin metathesis: (a-d) 
2nd generation Grubbs catalyst, DCM, RT, 18 h; (a) 21%; (b) 3%; (c) 10%; (d) 5% 
 
As suggested previously [7], the synthetic strategy to obtain ‘allyl 
ubiquinone’ (11) from commercially available 5,6-dimethoxy-3-methyl-1,4-
benzoquinone, which is summarized in scheme 3 (step a through c), allows 
for the introduction of alternative substituents, besides the allyl moiety. 
After a Diels-Alder reaction [8] between 5,6-dimethoxy-3-methyl-1,4-
benzoquinone and cyclopentadiene, compound 17 was obtained. After 
treatment of 17 with a base (tert-butoxide), addition of allyl bromide led to 
compound 18. The retro-Diels-Alder reaction that provided ‘allyl 
ubiquinone’ (11), was achieved by refluxing in toluene for several hours. 
Similarly, reacting p-vinyl cinnamyl bromide (4, see scheme 5 for its 
synthesis), with compound 17, ultimately provided compound 12, one of 
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the starting materials required in the Grubbs cross metathesis reactions 
described above. 
Scheme 3 Synthesis of compounds 11 and 12: (a) cyclopentadiene, glacial AcOH, 
RT; (b) 18-crown-6, t-BuOK, allyl bromide, THF, 0°C; (c) toluene, reflux; (d) 18-
crown-6, t-BuOK, p-vinyl cinnamyl bromide, THF, 0°C 1 h, then RT 1 h; (e) toluene, 
reflux, 5 h; (d-e) 18%    
 
The synthetic pathways outlined in scheme 3 proved to be fully compatible 
with menadione as well, resulting in the fully analogous synthetic strategy 
depicted in scheme 4. 
 
Scheme 4 Synthesis of compounds 15 and 16: (a) cyclopentadiene, AcOH/CHCl3, RT, 
50 h, 32%; (b) t-BuOK, allyl bromide, THF, 0°C, 2 h; (c) toluene, reflux, 4 h; (b-c) 
45%; (d) 18-crown-6, t-BuOK, p-vinyl cinnamyl bromide, THF, 0°C 1 h, then RT 1 h; 





As can be observed in scheme 3 and 4, the synthesis of compounds 12 and 
16 requires p-vinyl cinnamyl bromide (4), a compound that could not be 
purchased. A synthetic route to obtain this compound was therefore 
devised (scheme 5). Starting with an excess of terephthalaldehyde, a Wittig 
reaction [9] with methyltriphenylphosphonium bromide provided 
compound 1. In a Horner-Wadsworth-Emmons reaction [10], this aldehyde 
was then treated with triethyl phosphonoacetate and base, to provide the 
α,β-unsaturated ester 2. Reduction of this ester to the allylic alcohol 3 was 
achieved by diisobutylaluminium hydride (DIBAL-H), which is particularly 
suitable for this step, since it does not affect the double bond [11]. Finally, 
alcohol 3 was converted to p-vinyl cinnamyl bromide 4 using phosphorus 
tribromide [12, 13]. 
 
Scheme 5 Synthesis of p-vinyl cinnamyl bromide (4): (a) PPh3CH3Br, t-BuOK, THF, 
0°C ~10 min, then RT 2.5 h, 31%; (b) triethyl phosphonoacetate, t-BuOK, THF, 0°C 
~10 min, then RT 18 h, 73%; (c) 1 M DIBAL-H, THF, 0°C ~10 min, then RT 18 h, 73%; 
(d) PBr3, Et2O, 0°C, 20 min, >95%  
 
The cross metathesis partners required for the synthesis of wires U0-U2 and 
M0-M2 were obtained as outlined in scheme 6. Curiously, some protocols 
(e.g. [14]) require high temperatures and troublesome solvents, such as 
DMF. Other protocols [15, 16], however, describe successful conversion of 
chlorides and bromides to their thioacetate ester counterparts under mild 
conditions (e.g. room temperature) and convenient solvents (e.g. acetone). 
Allyl bromide was reacted with potassium thioacetate to provide 5, simply 
by dissolving both in aceton, followed by overnight stirring at room 




Scheme 6 Synthesis of compounds 5 and 6: (a) KSAc, aceton, RT, 18 h, 37%; (b) 
KSAc, aceton/MeOH, RT, 50 h, 77%  
 
A more involved synthesis route (scheme 7) was necessary to arrive at 
compound 10, required in the cross metathesis affording the longest wires 
U3 and M3. A double Wittig reaction with methyltriphenylphosphonium 
bromide was performed to convert terephthalaldehyde into p-
divinylbenzene (7). A Heck coupling [17] between 7 and p-
bromobenzaldehyde resulted in compound 8, which then required 
reduction.  
Curiously, this reduction could only be achieved using the aforementioned 
reducing agent DIBAL-H. Reduction using different sodium borohydrides 
was attempted, for example, which often led to formation of byproducts 
and insignificant amounts of the target product. The successful application 
of DIBAL-H in this reduction reaction may be related to the reduction of the 
α,β-unsaturated ester 2 encountered above. Here, DIBAL-H does not reduce 
the double bond. This may also provide an explanation for the success of 
the reduction of compound 8, since the double bonds within the molecules 
are preserved. 
After the reduction of compound 8, a Mitsunobu reaction [18] was 
performed to convert alcohol 9 into the corresponding thioacetate ester 10. 
Hydrolysis of the thioester bond was performed after the Grubbs cross 
metathesis reactions, because of the anticipated interference of the 
unprotected thiol with the catalyst. The deprotection (deacetylation) of the 
wires and their subsequent binding onto gold electrode surfaces will be 
described in chapter 4. 
In addition to the highly conjugated wires described above, a fully saturated 
wire (USAT) was synthesized as well (i.e. a quinone moiety attached to an 
alkanethiol), similar in length to U2. This was achieved by reacting 
commercially available idebenone to its thioacetate ester counterpart 
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(scheme 8) by means of a Mitsunobu reaction. Electrochemical 
characterization of both the conjugated wires and USAT (chapter 4) will be 
used to determine whether the OPV section in the conjugated wires indeed 
improves electron transport rates, compared to the rates obtained from the 
fully saturated wire. 
 
Scheme 7 Synthesis of compound 10: (a) PPh3CH3Br, t-BuOK, THF, 0°C 30 min, then 
RT 1 h, 69%; (b) p-Br-benzaldehyde, Et3N, Pd(OAc)2, P(o-tolyl)3, DMF, 80°C, 24 h, 
28%; (c) 1 M DIBAL-H, THF, 0°C ~10 min, then RT 15 min, 79%; (d) DCAD, PPh3, 




Scheme 8 Synthesis of USAT: (a) DCAD, PPh3, AcSH, THF, 0°C, then RT 18 h, 74%    
 
3.3 Conclusion & Outlook 
In this chapter, the synthesis of a series of ‘Q-wires’ – U0 through U3 and M0 
through M3 – and an additional fully conjugated wire (USAT) was described. 
Crucially, the synthesis was performed by separately preparing the 
quinone-containing part and the OPV-containing part. In a final Grubbs 
olefin metathesis reaction, these two parts were then joined. However, 
significant challenges were encountered during this final reaction, leading 
to low yields and incompletely purified products. Nevertheless, these issues 
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did not prove to be problematic during the electrochemical experiments 
performed in the following chapters.  
The electrochemical properties of the Q-wires will be explored in the 
following chapter. There, the influence of the length of the wire on electron 
transfer rates will be assessed. In addition, the electron transfer rates of the 
fully saturated USAT will be compared to those of U2, which is similar in 
length, in order to determine whether the presence of an OPV system 
indeed enhances said rates. 
3.4 Experimental section 
General 
All chemicals and solvents were purchased from Sigma-Aldrich, except, 
most notably: 5,6-dimethoxy-3-methyl-1,4-benzoquinone (Alfa Aesar) and 
idebenone (TCI). THF and diethyl ether were dried over 60% sodium hydride 
in mineral oil for several hours, prior to distillation under reduced pressure. 
Dry DCM and DMF were purchased. Flash chromatography was performed 
on Screening Devices B.V. silica gel 60 (0.040-0.063 mm). NMR spectra were 
recorded on a Bruker DPX-300 spectrometer (300/75 MHz). A Thermo 
Finnigan LTQ Orbitrap system was used for HRMS. 
4-vinylbenzaldehyde (1) 
To a stirring suspension of methyltriphenylphosphonium 
bromide (10 g, 28 mmol) and terephthalaldehyde (6 g, 45 mmol) 
in 75 mL THF under an argon atmosphere at 0°C, potassium t-
butoxide (3.2 g, 29 mmol) was added in small portions over a 
period of about 10 minutes. The reaction mixture turned reddish brown. 
The reaction was allowed to continue for an additional 2.5 hours at room 
temperature. Afterwards, 100 mL of diethyl ether was added and the 
mixture was filtered. The solvent was evaporated from the filtrate and the 
crude product was taken up in CHCl3 and directly applied to a silica gel 
column (PET), eluting with a gradient of PET/DCM (1:0 to 2:1) to afford 1.13 
g of a white solid (31%). 1H NMR (300 MHz, CDCl3): δ = 9.95 (s, 1H), 7.80 (d, 
J = 8.1 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 6.73 (dd, J1 = 17.6 Hz, J2 = 11.0 Hz, 
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1H), 5.87 (d, J = 17.7 Hz, 1H), 5.40 (d, J = 10.8 Hz, 1H). 13C NMR (75 MHz, 
CDCl3): δ = 191.5, 143.3, 135.8, 135.6, 129.9, 126.3, 117.3. 
Ethyl (E)-3-(4-vinylphenyl)acrylate (2) 
In 100 mL THF, 1.13 g (8.6 mmol) of 4-
vinylbenzaldehyde (1) and 1.9 mL (9.6 mmol) of 
triethyl phosphonoacetate were dissolved. While 
stirring at 0°C under an argon atmosphere, potassium t-butoxide (1.13 g, 
10.1 mmol) was added portionwise. After overnight stirring at room 
temperature, water was added to the reaction mixture, which was then 
extracted with several portions of CHCl3. The combined organic phase was 
dried over anhydrous MgSO4. After filtration and solvent evaporation, 1.27 
g (73%) of crude product was obtained, which was used without further 
purification. 1H NMR (300 MHz, CDCl3): δ = 7.66 (d, J = 15.9 Hz, 1H), 7.46 (d, 
J = 8.1 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 6.69 (dd, J1 = 17.7 Hz, J2 = 10.8 Hz, 
1H), 6.41 (d, J = 15.9 Hz, 1H), 5.79 (dd, J1 = 17.5 Hz, J2 = 0.5 Hz, 1H), 5.30 (d, J 
= 11.4 Hz, 1H), 4.25 (q, J = 7.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). 13C NMR (75 
MHz, CDCl3): δ = 167.0, 144.1, 139.4, 136.1, 133.9, 128.3, 126.7, 118.0, 
115.3, 60.5, 14.4. HR-MS m/z: 203.10659 [M+H]+, calcd [C13H15O2]+: 
203.10666, Δ = 0.3 ppm. 
4-vinyl cinnamyl alcohol (3) 
A solution of ethyl (E)-3-(4-vinylphenyl)acrylate (2) (1.27 
g, 6.3 mmol) in 15 mL dry, distilled THF was added 
dropwise to 15 mL of a stirred diisobutylaluminum 
hydride solution (1 M in THF, 15 mmol) at 0°C under an argon atmosphere. 
After stirring for an additional 1.5 hours at room temperature, the reaction 
mixture was again cooled to 0°C and water was carefully added. The 
resulting suspension was then extracted with several portions of diethyl 
ether (200 mL in total). The combined organic phase was dried over 
anhydrous MgSO4, filtered and evaporated. The crude product was 
redissolved in DCM and subjected to silica gel column chromatography, 
using a DCM/ethyl acetate gradient (0% to 1% ethyl acetate) for elution, 
yielding 430 mg (43%) of a white solid. 1H NMR (300 MHz, CDCl3): δ = 7.36 
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(s, 4H), 6.70 (dd, J1 = 17.7 Hz, J2 = 10.8 Hz, 1H), 6.61 (d, J = 18.3 Hz, 1H), 6.37 
(dt, J1 = 15.9 Hz, J2 = 5.7 Hz, 1H), 5.75 (dd, J1 = 17.7 Hz, J2 = 0.6 Hz, 1H), 5.24 
(d, J = 10.8 Hz, 1H), 4.34 (dd, J1 = 5.7 Hz, J2 = 1.5 Hz, 2H). 13C NMR (75 MHz, 
CDCl3): δ = 137.0, 136.5, 136.3, 130.7, 128.5, 126.7, 126.5, 113.8, 63.6. 
4-vinyl cinnamyl bromide (4) 
4-vinyl cinnamyl alcohol (3) (700 mg, 4.4 mmol) was 
dissolved in 30 mL of dry, distilled diethyl ether at 0°C 
under argon. To this, approximately 0.5 mL (5.3 mmol) phosphorus 
tribromide was added dropwise. After 20 minutes, TLC indicated 
completion of the reaction, and 10 mL of saturated sodium bicarbonate was 
added. After a while, additional water was added and the mixture was 
extracted with DCM several times. The combined organic phases were dried 
over anhydrous MgSO4, filtered, and the solvents were evaporated, giving 
approximately 980 mg (> 95%) of a white crystal, which required no further 
purification. 1H NMR (300 MHz, CDCl3): δ = 7.38 (d, J = 8.7 Hz, 2H), 7.34 (d, J 
= 8.7 Hz, 2H), 6.63 (d, J = 13.8 Hz, 1H), 6.37 (dd, J1 = 16.5 Hz, J2 = 9.9 Hz, 1H), 
6.34-6.44 (m, 1H), 5.76 (d, J = 17.7 Hz, 1H), 5.26 (d, J = 10.8 Hz, 1H), 4.17 (d, 
J = 8.4 Hz, 2H). 13C NMR (75 MHz, CDCl3): δ = 137.7, 136.4, 135.3, 134.2, 
127.0, 126.6, 125.2, 114.3, 33.7. 
S-allyl thioacetate (5) 
Allyl bromide (0.71 mL, 8.3 mmol) and potassium thioacetate 
(0.97 g, 8.5 mmol) were added to 50 mL of distilled aceton. The 
mixture was stirred overnight at room temperature, after which water was 
added. The aqueous phase was then extracted twice with CHCl3. The 
combined organic phase was washed once with water and then dried over 
anhydrous MgSO4. After filtration, removal of the solvents afforded 360 mg 
(37%) of a yellow oil, which required no purification. 1H NMR (300 MHz, 
CDCl3): δ = 5.74-5.87 (m, 1H), 5.23 (d, J = 20.7 Hz, 1H), 5.10 (d, J = 10.8 Hz, 
1H), 3.54 (d, J = 6.9 Hz, 2H), 2.34 (s, 3H). 13C NMR (75 MHz, CDCl3): δ = 




S-(4-vinylbenzyl) thioacetate (6) 
In a mixture of 25 mL aceton and 10 mL methanol, 2.5 mL 
(17.5 mmol) of 4-vinylbenzyl chloride and 2.6 g (23 mmol) 
potassium thioacetate were dissolved. The suspension 
was allowed to stir for approximately 50 hours at room temperature, after 
which the solvents were removed. The residue was redissolved in 50 mL 
DCM, which was then filtered. The filtrate was washed once with water and 
once with brine, prior to drying over anhydrous MgSO4. After filtration, the 
DCM was evaporated off to yield 2.6 g (77%) of a reddish oil. Although not 
strictly necessary, the crude product was purified by performing silica gel 
column chromatography, using PET/DCM (1:1) as eluent, to afford 1.23 g 
(36%) of a yellow oil. 1H NMR (300 MHz, CDCl3): δ = 7.32 (d, J = 6.3 Hz, 2H), 
7.23 (d, J = 8.4 Hz, 2H), 6.67 (dd, J1 = 17.6 Hz, J2 = 10.9 Hz, 1H), 5.71 (dd, J1 = 
17.6 Hz, J2 = 0.7 Hz, 1H), 5.21 (dd, J1 = 11.0 Hz, J2 = 0.7 Hz, 1H), 4.09 (s, 2H), 
2.32 (s, 3H). 13C NMR (75 MHz, CDCl3): δ = 195.1, 137.2, 136.7, 136.4, 129.1, 
126.5, 114.0, 33.3, 30.4. 
1,4-divinylbenzene (7) 
A stirring suspension of methyltriphenylphosphonium bromide 
(12.2 g, 34 mmol) and terephthalaldehyde (2 g, 15 mmol) in 50 
mL THF under argon was cooled to 0°C, after which potassium t-
butoxide (3.9 g, 35 mmol) was added in small portions. After 30 
minutes at 0°C, the reaction mixture was stirred for an additional 1 hour at 
room temperature. The solvent was subsequently removed in vacuo and 
DCM and silica powder were added to the residue to form a slurry. After 
drying to the air for several hours, the powder-like substance was poured 
on top of a silica gel column (PET), and the product – 1.33 g (69%) of a 
colorless oil – was eluted with PET. 1H NMR (300 MHz, CDCl3): δ = 7.34 (s, 
4H), 6.67 (dd, J1 = 17.7 Hz, J2 = 10.8 Hz, 2H), 5.72 (dd, J1 = 17.6 Hz, J2 = 0.7 
Hz, 2H), 5.21 (dd, J1 = 10.9 Hz, J2 = 0.7 Hz, 2H). 13C NMR (75 MHz, CDCl3): δ = 





p-bromobenzaldehyde (2.25 g, 12 mmol), 1,4-
divinylbenze (7) (1.5 g, 11.5 mmol) and 
triethylamine (2.5 g, 25 mmol) were added to a 
round-bottom flask containing 50 mL of dry DMF. The flask was then 
purged with argon, after which palladium (II) acetate (180 mg, 0.8 mmol) 
and tri(o-tolyl)phosphine (500 mg, 1.6 mmol) were added. The reaction 
mixture was heated to 80°C and stirred for 24 hours, after which the 
solvent was removed under reduced pressure and elevated temperature. 
The residue was again solubilized in DCM, washed with water twice, and 
directly applied to a silica gel column, eluting with DCM/methanol. The 
volume of the combined fractions containing the product was reduced, 
prior to the addition of silica powder. The resulting slurry was dried 
overnight in a 70°C stove, after which the powder-like substance was 
poured on top of a silica gel column (PET). A gradient from 100% PET to 
100% DCM was used as eluent, providing (E)-4-(4-vinylstyryl)benzaldehyde 
as a light yellow solid (750 mg, 28% - further purification of impure fractions 
may improve yields). 1H NMR (300 MHz, CDCl3): δ = 9.98 (s, 1H), 7.88 (d, J = 
8.1 Hz, 2H), 7.66 (d, J = 8.1 Hz, 2H), 7.52 (d, J = 7.8 Hz, 2H), 7.43 (d, J = 8.1 
Hz, 2H), 7.26 (d, J = 17.4 Hz, 1H), 7.14 (d, J = 16.2 Hz, 1H), 6.73 (dd, J1 = 17.6 
Hz, J2 = 10.9 Hz, 1H), 5.80 (d, J = 17.7 Hz, 1H), 5.29 (d, J = 11.1 Hz, 1H). HR-
MS m/z: 235.11178 [M+H]+, calcd [C17H15O]+: 235.11174, Δ = 0.2 ppm. 
(E)-(4-(4-vinylstyryl)phenyl)methanol (9) 
(E)-4-(4-vinylstyryl)benzaldehyde (8) (159 mg, 
0.68 mmol) was dissolved in 7.5 mL of dry, 
distilled THF at 0°C while stirring under an argon 
atmosphere. A 1 M solution of diisobutylaluminium hydride in THF (1.25 
mL, 1.25 mmol) was added dropwise using a syringe. After this addition, the 
reaction mixture was allowed to warm up to room temperature. After 
approximately 15 minutes, TLC indicated completion of the reaction, and 
water was carefully added to the reaction mixture. The aqueous phase was 
then extracted with DCM several times. The combined DCM layers were 
dried over MgSO4, filtered and evaporated to provide a (mostly) white solid 
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(127 mg, 79%), which was used without further purification. 1H NMR (300 
MHz, CDCl3): δ = 7.35-7.53 (overlapping m, 8H), 7.09 (s, 2H), 6.72 (dd, J1 = 
17.7 Hz, J2 = 10.8 Hz, 1H), 5.77 (d, J = 17.4 Hz, 1H), 5.26 (d, J = 10.8 Hz, 1H), 
4.71 (s, 2H). 
(E)-S-(4-(4-vinylstyryl)benzyl) thioacetate (10) 
To 10 mL of dry, distilled THF, stirring at 0°C 
under an argon atmosphere, 
triphenylphosphine (186 mg, 0.7 mmol) and di-
(4-chlorobenzyl)-azodicarboxylate (258 mg, 0.7 mmol) were added. 
Thioacetic acid (51 µl, 0.72 mmol) and (E)-(4-(4-vinylstyryl)phenyl)methanol 
(9) (127 mg, 0.54 mmol) were together dissolved in 5 mL of dry THF and 
added to the former solution in dropwise fashion. The reaction mixture was 
stirred at room temperature overnight. Prior to silica gel column 
chromatography, the precipitate was removed from the reaction mixture by 
filtration, after which the solvent was evaporated. The crude product was 
redissolved in CHCl3 and applied to the column (PET). A PET/DCM gradient 
(1:0 to 1:1) was used to elute the product as a white solid (74 mg, 47%). 1H 
NMR (300 MHz, CDCl3): δ = 7.36-7.45 (overlapping m, 6H), 7.25 (d, J = 8.1 
Hz, 2H), 7.04 (s, 2H), 6.69 (dd, J1 = 17.6 Hz, J2 = 10.9 Hz, 1H), 5.74 (d, J = 17.7 
Hz, 1H), 5.23 (d, J = 11.1 Hz, 1H), 4.10 (s, 2H), 2.32 (s, 3H). 13C NMR (75 MHz, 
CDCl3): δ = 195.1, 137.1, 137.0, 136.8, 136.5, 136.47, 129.3, 128.4, 128.1, 
126.8, 126.75, 126.6, 113.8, 33.3, 30.4. HR-MS m/z: 295.11477 [M+H]+, 
calcd [C19H19OS]+: 295.11511, Δ = 1.1 ppm. 
2-allyl-5,6-dimethoxy-3-methyl-1,4-benzoquinone (11) 
The title compound was prepared according to a 3-step 
literature procedure [7], except for a slight modification 
during the allylation reaction: an equimolar amount of 18-
crown-6 was added to the reaction mixture as well. 1H NMR 
(300 MHz, CDCl3): δ = 5.68-5.81 (m, 1H), 5.06-5.08 (m, 1H), 5.01-5.04 (m, 
1H), 4.00 (s, 3H), 3.99 (s, 3H), 3.24 (d, J = 6.0 Hz, 2H), 2.03 (s, 3H). 13C NMR 






The cycloaddition of cyclopentadiene to 2,3-
dimethoxy-5-methyl-1,4-benzoquinone was 
performed according to a previously described 
protocol [7]. However, an additional purification 
step was performed (silica gel column, PET/DCM gradient (3:1 to 1:1)).  The 
resulting Diels-Alder adduct (275 mg, 1.1 mmol) was dissolved in 3 mL dry, 
distilled THF, together with 18-crown-6 (290 mg, 1.1 mmol), after which the 
solution was purged with argon and cooled to 0°C. While stirring, potassium 
t-butoxide (185 mg, 1.7 mmol) was added in small portions. A solution of 4-
vinyl cinnamyl bromide (4) (306 mg, 1.4 mmol) in 3 mL dry THF was added 
dropwise to the reaction mixture, which was then stirred for 1 hour at 0°C. 
After stirring for an additional hour at room temperature, water was added. 
The aqueous phase was then extracted with chloroform several times (150 
mL in total). The combined organic layers were dried over MgSO4, filtered 
and concentrated. The crude product was roughly purified by performing 
silica gel column chromatography, using a PET/DCM/EtOAc gradient (1:0:0 
to 0:1:0 to 0:9:1) to elute the main product (still containing some 
impurities). After removal of the eluent, the residue was dissolved in 5 mL 
toluene and stirred for 5 hours at reflux temperature. The crude product 
was subjected to another round of purification (silica gel column, 100% 
DCM as eluent) to provide at least 63 mg (18% after 2 steps) of the title 
compound as a thick orange oil. 1H NMR (300 MHz, CDCl3): δ = 7.32 (d, J = 
8.7 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 6.67 (dd, J1 = 17.6 Hz, J2 = 10.9 Hz, 1H), 
6.41 (d, J = 15.9 Hz, 1H), 6.10 (dt, J1 = 15.8 Hz, J2 = 6.7 Hz, 1H), 5.72 (d, J = 
17.7 Hz, 1H), 5.21 (d, J = 11.1 Hz, 1H), 4.00 (s, 3H), 3.99 (s, 3H), 3.38 (d, J = 
6.6 Hz, 2H), 2.08 (s, 3H). 13C NMR (75 MHz, CDCl3): δ = 184.6, 183.9, 144.5, 
140.0, 139.8, 136.8, 136.6, 136.5, 131.8, 126.5, 126.4, 124.8, 113.7, 61.3, 







Freshly distilled cyclopentadiene (11 mL, 131 mmol) and 
menadione (15 g, 87 mmol) were added to a 1:1 mixture of 
glacial acetic acid and dry chloroform. After 50 hours of 
stirring at room temperature, 5 M NaOH was added at 0°C 
until a basic pH was achieved. The mixture was extracted with chloroform 
several times (250 mL in total). The combined organic phase was washed 
with water and brine, dried over MgSO4 and concentrated in vacuo to 
provide 16 mL of a yellow oil, 2.5 mL of which was applied to a silica gel 
column (PET). Elution using a PET/DCM gradient (1:0 to 2:1) afforded the 
product as a light yellow solid (1.04 g, 32%). 1H NMR (300 MHz, CDCl3): δ = 
8.02-8.06 (m, 2H), 7.67-7.78 (m, 2H), 6.09-6.12 (m, 1H), 5.90-5.93 (m, 1H), 
3.55 (m, 1H), 3.22 (m, 1H), 3.06 (d, J = 3.9 Hz, 1H), 1.76-1.79 (m, 1H), 1.56-
1.59 (m, 1H), 1.56 (s, 3H). 
4a-allyl-9a-methyl-1,4,4a,9a-tetrahydro-1,4-methanoanthracene-9,10-
dione (14) 
In 3 mL dry, distilled THF, stirring at 0°C under argon, 250 mg 
of compound 13 (1.05 mmol) was dissolved. Potassium t-
butoxide (176 mg, 1.6 mmol) was then added in small 
portions as well, followed by dropwise addition of a solution 
of  allyl bromide (136 µl, 1.6 mmol) in 3 mL dry THF. The 
reaction mixture was stirred at 0°C for 2 hours. The subsequent workup and 
(crude) purification were performed as described for compound 12. 1H 
NMR (300 MHz, CDCl3): δ = 7.88-7.97 (m, 2H), 7.64-7.72 (m, 2H), 6.06-6.07 
(m, 2H), 5.60-5.71 (m, 1H), 4.95-5.05 (m, 2H), 3.24-3.26 (m, 1H), 3.15-3.16 
(m, 1H), 2.78-2.85 (m, 1H), 2.54-2.62 (m, 1H), 1.88-1.91 (m, 1H), 1.58 (s, 
3H), 1.48-1.53 (m, 1H). 
2-allyl-3-methyl-1,4-naphthoquinone (15) 
The (crude) compound 14 was dissolved in 3 mL toluene 
and stirred for 4 hours at reflux temperature. The crude 
product was purified by silica gel column chromatography, 
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using 100% DCM as eluent, which afforded 100 mg (45% yield over two 
steps) of the title compound as a yellow solid. 1H NMR (300 MHz, CDCl3): δ 
= 8.05-8.09 (m, 2H), 7.67-7.73 (m, 2H), 5.77-5.90 (m, 1H), 5.05-5.14 (m, 2H), 
3.42 (d, J = 6.3 Hz, 2H), 2.20 (s, 3H). 13C NMR (75 MHz, CDCl3): δ = 185.3, 
184.3, 144.4, 144.3, 133.54, 133.5, 133.3, 132.2, 132.1, 126.5, 126.4, 116.7, 
31.0, 12.7. HR-MS m/z: 213.09099 [M+H]+, calcd [C14H13O2]+: 213.09101, Δ = 
0.1 ppm. 
(E)-2-methyl-3-(3-(4-vinylphenyl)allyl)-1,4-naphthoquinone (16) 
The synthesis of compound 16 was performed as 
described for compound 14 and 15, using 500 mg 
of 13 (2.1 mmol), 350 mg potassium t-butoxide (3.1 
mmol), 500 mg (2.3 mmol) 4-vinyl cinnamyl 
bromide (4) and 420 mg (1.6 mmol) 18-crown-6 in 5 mL dry THF instead. 
After a crude purification, the retro-Diels-Alder reaction was performed 
according to 15, yielding, after another round of purification (silica gel 
column, 100% DCM as eluent), 53 mg (8% yield over two steps) of an 
orange/yellow solid. 1H NMR (300 MHz, CDCl3): δ = 8.04-8.11 (m, 2H), 7.65-
7.71 (m, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 14.1 Hz, 2H), 6.65 (dd, J1 = 
17.6 Hz, J2 = 10.9 Hz, 1H), 6.46 (d, J = 15.9 Hz, 1H), 6.18 (dt, J1 = 15.9 Hz, J2 = 
6.7 Hz, 1H), 5.70 (d, J = 17.4 Hz, 1H), 5.19 (d, J = 11.1 Hz, 1H), 3.55 (d, J = 6.9 
Hz, 2H), 2.24 (s, 3H). 13C NMR (75 MHz, CDCl3): δ = 185.3, 184.4, 144.3, 
144.2, 136.7, 136.6, 136.5, 133.6, 132.2, 132.1, 131.7, 126.5, 126.4, 125.0, 
113.7, 30.4. HR-MS m/z: 315.13786 [M+H]+, calcd [C22H19O2]+: 315.13796, Δ 
= 0.3 ppm. 
S-(10-(4,5-dimethoxy-2-methyl-3,6-benzoquinone-1-yl)decyl) thioacetate 
(USAT) 
To 10 mL of dry, distilled THF, stirring at 
0°C under argon, triphenylphosphine 
(242 mg, 0.9 mmol) and di-(4-
chlorobenzyl)-azodicarboxylate (339 mg, 
0.9 mmol) were added. Thioacetic acid (66 µl, 0.9 mmol) and idebenone 
(250 mg, 0.7 mmol) were together dissolved in 10 mL of dry THF and added 
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to the former solution in a dropwise fashion. The reaction mixture was 
stirred at room temperature overnight, after which the solvent was 
evaporated. The residue was taken up in CHCl3 and directly applied to a 
silica gel column (PET). A PET/DCM/EtOAc gradient (1:0:0 to 0:1:0 to 0:98:2) 
was used to elute the product (9) as an orange oil (200 mg, 74%). 1H NMR 
(300 MHz, CDCl3): δ = 4.00 (s, 3H), 3.99 (s, 3H), 2.86 (t, J = 7.3 Hz, 2H), 2.45 
(t, J = 7.2 Hz, 2H), 2.32 (s, 3H), 2.01 (s, 3H), 1.51-1.61 (m, 2H), 1.28-1.45 (m, 
14H). 13C NMR (75 MHz, CDCl3): δ = 195.8, 184.5, 184.0, 144.2, 142.9, 138.5, 
61.0, 30.5, 29.7, 29.4, 29.3, 29.2, 29.0, 28,97, 28.7, 28.6, 26.3, 11.8. HR-MS 
m/z: 397.20387 [M+H]+, calcd [C21H33O5S]+: 397.20432, Δ = 1.1 ppm. 
General procedure for wire synthesis 
Compounds U0 through U3 and M0 through M3 were synthesized by means 
of Grubbs olefin cross metathesis. The general procedure was as follows: in 
3-5 mL of dry, distilled DCM, stirring under argon at room temperature, the 
appropriate quinone derivative (11, 12, 15 or 16) was dissolved, together 
with the appropriate thioacetate (5, 6 or 10). The reaction mixture was 
purged with argon for an additional 10 minutes, after which 10 mg of 
Grubbs catalyst 2nd generation was added. The reaction was stirred under 
argon at room temperature overnight, after which the mixture was 
concentrated and subjected to silica gel column chromatography (typically 
using a PET/DCM gradient, in case of U0-U3 a maximum of 2.5% EtOAc was 
also added to the DCM) at least twice, resulting in relatively low yields. 
(E)-S-(4-(4,5-dimethoxy-2-methyl-3,6-benzoquinone-1-yl)but-2-en-1-yl) 
thioacetate (U0) 
Using the general procedure outlined above, 
compound 11 (62 mg, 0.3 mmol) and 5 (150 mg, 1.3 
mmol) were reacted, providing 25 mg (29%) of U0  as 
an orange oil. 1H NMR (300 MHz, CDCl3): δ = 5.42-
5.57 (m, 2H), 4.00 (s, 3H), 3.99 (s, 3H), 3.47 (d, J = 6.3 Hz, 2H), 3.19 (d, J = 
6.0 Hz, 2H), 2.32 (s, 3H), 2.00 (s, 3H). 13C NMR (75 MHz, CDCl3): δ = 195.3, 
184.6, 183.7, 144.5, 144.4, 139.9, 139.8, 128.9, 127.2, 61.4, 31.1, 30.6, 29.0, 
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12.0. HR-MS m/z: 311.09432 [M+H]+, calcd [C15H19O5S]+: 311.09477, Δ = 1.4 
ppm. 
(E)-S-(4-(3-(4,5-dimethoxy-2-methyl-3,6-benzoquinone-1-yl)prop-1-en-1-
yl)benzyl) thioacetate (U1) 
Using the general procedure outlined above, 
compound 11 (35 mg, 0.16 mmol) and 6 (75 
mg, 0.4 mmol) were reacted, providing 10 mg 
(16%) of U1 as an orange oil. 1H NMR (300 
MHz, CDCl3): δ = 7.24 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 6.40 (d, J = 
15.9 Hz, 1H), 6.07 (dt, J1 = 15.8 Hz, J2 = 6.8 Hz, 1H), 4.08 (s, 2H), 4.01 (s, 3H), 
3.99 (s, 3H), 3.38 (d, J = 6.6 Hz, 2H), 2.33 (s, 3H), 2.07 (s, 3H). 13C NMR (75 
MHz, CDCl3): δ = 195.3, 184.7, 183.9, 144.53, 144.5, 140.0, 139.8, 136.9, 
136.2, 131.7, 129.2, 126.5, 125.0, 61.4, 33.3, 30.5, 29.7, 12.1. HR-MS m/z: 
387.12613 [M+H]+, calcd [C21H23O5S]+: 387.12607, Δ = 0.2 ppm. 
S-(4-((E)-4-((E)-3-(4,5-dimethoxy-2-methyl-3,6-benzoquinone-1-yl)prop-1-
en-1-yl)styryl)benzyl) thioacetate (U2) 
Using the general procedure outlined 
above, compound 12 (48 mg, 0.15 
mmol) and 6 (28 mg, 0.15 mmol) 
were reacted, providing 7 mg (10%) 
of U2 as an orange solid. 1H NMR (300 
MHz, CD2Cl2): δ = 7.44 (d, J = 8.3 Hz, 4H), 7.32 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 
8.2 Hz, 2H), 7.07 (s, 2H), 6.42 (d, J = 15.9 Hz, 1H), 6.15 (dt, J1 = 15.8 Hz, J2 = 
6.6 Hz, 1H), 4.11 (s, 2H), 3.98 (s, 3H), 3.96 (s, 3H), 3.39 (d, J = 6.6 Hz, 2H), 
2.34 (s, 3H), 2.06 (s, 3H). 13C NMR (75 MHz, CDCl3): δ = 184.7, 183.9, 140.1, 
139.9, 137.1, 136.6, 136.5, 131.9, 129.3, 128.5, 128.1, 126.9, 126.6, 124.9, 
61.4, 33.4, 30.5, 29.8, 12.2. HR-MS m/z: 489.17240 [M+H]+, calcd 












yl)prop-1-en-1-yl)styryl)styryl)benzyl) thioacetate (U3) 
Using the general procedure 
outlined above, compound 12 (41 
mg, 0.13 mmol) and 10 (45 mg, 0.15 
mmol) were reacted, providing 6 mg 
(8%) of U3 as an orange solid. 1H 
NMR (300 MHz, CD2Cl2): δ = 7.53 (s, 4H), 7.48 (d, J = 8.1 Hz, 4H), 7.34 (d, J = 
8.7 Hz, 1H), 7.30 (d, J = 7.8 Hz, 2H), 7.12 (s, 4H), 6.43 (d, J = 15.9 Hz, 1H), 
6.17 (dt, J1 = 15.8 Hz, J2 = 6.6 Hz, 1H), 4.13 (s, 2H), 3.99 (s, 3H), 3.97 (s, 3H), 
3.40 (d, J = 6.3 Hz, 2H), 2.35 (s, 3H), 2.05 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 
= 140.0, 139.8, 137.2, 136.9, 136.7, 136.6, 136.5, 131.9, 129.4, 128.5, 128.3, 
128.2, 127.0, 126.96, 126.88, 126.85, 126.6, 124.9, 61.4, 33.4, 30.5, 29.8, 




Using the general procedure outlined above, 
compound 15 (33 mg, 0.16 mmol) and 5 (40 mg, 
0.35 mmol) were reacted, providing 10 mg (21%) of 
M0 as a yellow oil. 1H NMR (300 MHz, CDCl3): δ = 
8.09-8.12 (m, 2H), 7.72-7.78 (m, 2H), 5.52-5.75 (m, 2H), 3.52 (d, J = 7.2 Hz, 
2H), 3.42 (d, J = 6.3 Hz, 2H), 2.35 (s, 3H), 2.22 (s, 3H). 13C NMR (75 MHz, 
CDCl3): δ = 195.3, 185.4, 184.4, 144.4, 144.3, 133.6, 132.3, 132.2, 128.8, 
127.3, 126.5, 126.4, 31.2, 30.6, 29.7, 12.8. HR-MS m/z: 301.08927 [M+H]+, 














Using the general procedure outlined above, 
compound 15 (33 mg, 0.16 mmol) and 6 (60 
mg, 0.31 mmol) were reacted, providing 2 mg 
(3%) of M1 as a yellow solid. 1H NMR (300 
MHz, CDCl3): δ = 8.07-8.12 (m, 2H), 7.69-7.74 (m, 2H), 7.25 (d, J = 9.3 Hz, 
2H), 7.19 (d, J = 8.4 Hz, 2H), 6.45 (d, J = 15.9 Hz, 1H), 6.17 (dt, J1 = 15.8 Hz, J2 
= 6.7 Hz, 1H), 4.07 (s, 2H), 3.56 (d, J = 6.6 Hz, 2H), 2.33 (s, 3H), 2.25 (s, 3H). 
HR-MS m/z: 377.12055 [M+H]+, calcd [C23H21O3S]+: 377.12059, Δ = 0.1 ppm. 
S-(4-((E)-4-((E)-3-(3-methyl-1,4-naphthoquinone-2-yl)prop-1-en-1-
yl)styryl)benzyl) thioacetate (M2) 
Using the general procedure 
outlined above, compound 16 (20 
mg, 0.06 mmol) and 6 (18 mg, 0.09 
mmol) were reacted, providing 3 
mg (10%) of M2 as a yellow solid. 1H 
NMR (300 MHz, CD2Cl2): δ = 8.06-8.11 (m, 2H), 7.71-7.74 (m, 2H), 7.44 (d, J 
= 8.3 Hz, 4H), 7.32 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 7.06 (s, 2H), 
6.48 (d, J = 15.9 Hz, 1H), 6.25 (dt, J1 = 15.8 Hz, J2 = 6.6 Hz, 1H), 4.10 (s, 2H), 
3.58 (d, J = 6.8 Hz, 2H), 2.34 (s, 3H), 2.25 (s, 3H). HR-MS m/z: 479.16718 
[M+H]+, calcd [C31H27O3S]+: 479.16754, Δ = 0.8 ppm. 
S-(4-((E)-4-((E)-4-((E)-3-(3-methyl-1,4-naphthoquinone-2-yl)prop-1-en-1-
yl)styryl)styryl)benzyl) thioacetate (M3) 
Using the general procedure 
outlined above, compound 16 (20 
mg, 0.06 mmol) and 10 (20 mg, 0.07 
mmol) were reacted, providing at 
least 2 mg (5%) of M3 as a yellow 
solid. 1H NMR (300 MHz, CD2Cl2): δ = 8.05-8.12 (m, 2H), 7.70-7.75 (m, 2H), 







16.8 Hz, 1H), 6.21-6.30 (m, 1H), 4.11 (s, 2H), 3.58 (d, J = 6.3 Hz, 2H), 2.34 (s, 
3H), 2.25 (s, 3H). HR-MS m/z: 581.21427 [M+H]+, calcd [C39H33O3S]+: 
581.21449, Δ = 0.4 ppm. 
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As described in chapter 1, the structure of the ‘Q-wires’ introduced there 
can be separated into three sections: a gold-electrode-binding terminal 
thiol; a ‘bridge’ section; and a quinone head group, which can interact with 
enzymes. Except for U0 and M0 and the decanethiol-tethered USAT, the 
bridge consists of oligo(phenylenevinylene) (OPV), a highly conjugated 
moiety, which facilitates non-rate-limiting electron transport between the 
electrode and the quinone head group [1]. Note that in this study, however, 
the redox active quinone moiety is not directly coupled to the conjugated 
system. The (intentional) inclusion of an additional sp3 carbon is expected 
to preserve the natural (proton-coupled) redox properties of the quinone 
moiety, and, additionally, to provide flexibility, which is likely required 
during interactions with enzymes. Binding may be further facilitated by the 
similarity of the first three carbon atoms (allyl) to the natural isoprenoid 
tail. 
In this chapter, it will be investigated whether the inclusion of an OPV 
section in the bridges of the ‘Q-wires’ indeed enhances electron transfer 
rates in comparison with fully saturated bridges, as was claimed in the 
previous chapters. Additionally, the influence of bridge length on electron 
transfer kinetics will be assessed. Furthermore, the importance of proton 
coupling to the electron transfer reaction will be explored. 
4.1.1 Bridge length and composition 
The composition and length of the ‘bridge’ (i.e. the moiety tethering a 
redox active molecule of interest to an electrode) can have a great 
influence on the electron transfer characteristics of self-assembled 
monolayers (SAMs) modified with a (terminal) redox active molecule [1]. 
The dependence of the electron transfer rate constant (kET) on the distance 
between redox center and electrode surface (r) and the decay constant (β), 
which reflects the composition of the bridge, can be expressed as follows 
(eqn. 4.1) [2]: 




Here (eqn. 4.1), kr=0 represents the electron transfer rate constant at van 
der Waals contact and, more precisely, r represents the distance between 
the centers of the concerning atoms minus the van der Waals radii. 
Indeed, fully saturated alkanethiol tethers of different length, carrying a 
terminal hydroquinone head group, showed an exponential decay in 
electron transfer rate constants with distance to the electrode – i.e. 
number of methylene groups – in 0.1 M HClO4 [3]. Typically, β values 
between 0.8 and 1 Å-1 or 0.7 and 1.3 per methylene are found for 
alkanethiol tethers [3, 4]. Hydroquinone-terminated wires containing a 
short OPV-bridge, on the other hand, showed little influence of the bridge 
length on the electron transfer rate constants, suggesting enhanced 
electron tunneling, i.e. a lower β value [1]. Moreover, distance-independent 
rate constants up to 28 Å were found for ferrocene-terminated OPV-wires 
(suggesting β ≈ 0 Å-1) [1, 5, 6]. Efficient electron transfer requires a strong 
quantum mechanical coupling between both ends of the wire, which is 
achieved by conjugated bridges through orbital delocalization [7]. At 
distances below 28 Å, electron transfer through fully conjugated wires is 
rate-limited by processes other than electron tunneling, while above this 
distance, electron transfer becomes non-adiabatic and distance dependent 
[8]. 
One observation concerning bridge composition is suspected to be of 
particular relevance to this research: the absence of direct conjugation 
between an OPV-tether and a terminal hydroquinone moiety – i.e. the 
substitution of two sp2 carbons with two sp3 carbons – resulted in 
dramatically lowered (apparent) rate constants (at least 100 times over the 
whole measured pH range) [9, 10]. As mentioned before, the (intentional) 
inclusion of an sp3 carbon in the design of the Q-wires is likely to disrupt the 
coupling between the quinone moiety and the OPV-bridge as well. The 
aforementioned observation therefore suggests that the rate constants to 
be found for the Q-wires may be lower than initially foreseen, and perhaps 




4.1.2 Proton-coupled electron transfer (PCET) 
As mentioned previously, apparent rate constants (kapp) found for 
alkanethiol-tethered hydroquines (HQ-(CH2)n-SH, where n denotes the 
number of methylene units) decrease exponentially with tether length (i.e. 
with increasing n) at acidic pH. Curiously, however, this distance 
dependence disappears (at least for n ≤ 12) under highly alkaline conditions 
(0.1 M NaOH) and rate constants become uniform, implying a β value 
approaching zero [11]. This would imply β to be a function of pH. In another 
study, a pH dependence of kapp was observed for an undecanethiol-
tethered hydroquinone as well [1]; above pH 9, rate constants rapidly 
increased with pH, apparently converging with the higher rate constants 
found for a fully conjugated OPV-methylthiol-tethered hydroquinone of 
similar length [1].  
When subjected to the ILIT 
(indirect laser induced 
temperature jump) technique, 
alkanethiol-tethered ferrocenes 
(Fc-(CH2)m-SH, where m denotes 
the number of methylene units), 
rate constants in excess of 104 s-1 
were found for m = 11 [12], nearly 
three orders of magnitude faster in 
comparison with the 
aforementioned hydroquinone-
alkanethiol wires of similar length 
under highly alkaline conditions (n = 12, kapp ≈ 26 s-1 in 0.1 M NaOH [11]). In 
addition, for ferrocene-OPV-thiol wires, electron tunneling was found to 
occur in less than 20 ps over distances below 28 Å [8]. Comparing the rate 
constants given above, one may conclude that, in the case of short 
hydroquinone wires, the nature and length of the bridges are of secondary 
importance only, and that the electron/proton kinetics of the hydroquinone 
moiety appear to be rate-limiting. Nevertheless, a 100-fold increase in rate 
constants was found for a fully conjugated hydroquinone-OPV-methylthiol 
 
Figure 1 Nine-member square scheme, 
describing the two-electron/two-proton 






















wire between pH 4 and 9, in comparison with a hydroquinone-alkanethiol 
wire of similar length [1]. Therefore, since electron transfer and proton 
chemistry appear to be intimately coupled in case of quinone-terminated 
wires, an understanding of the mechanism of the oxidation/reduction 
reaction of the quinone moiety is crucial. 
4.1.3 Modeling PCET 
Laviron’s nine-member square scheme (figure 1) [13], describing the two-
electron/two-proton reaction for a surface-confined redox species, may be 
applied to the ‘Q-wires’ as well. The scheme provides a theoretical 
description of a stepwise electron transfer mechanism, as opposed to a 
concerted mechanism [14-17], which will not be considered here. The 
model (extended by Finklea [18]) assumes that protonations are at 
equilibrium and that no dimerization and disproportionation reactions 
occur [13]. The overall two-electron/two-proton reaction is divided into 12 
steps, representing either an individual electron (governed by a formal 
potential Ei0’) or proton transfer event (governed by a pKai), as depicted in 
figure 1. Microscopic values for these pKais and Ei0’s can be obtained by 
fitting experimental thermodynamic (i.e. E0’ vs. pH, which forms the basis of 
a ‘Pourbaix diagram’ [19]) and macroscopic kinetic data (i.e. kapp vs. pH) of 
the overall two-electron/two-proton reaction to a mathematical model 
described previously [9]. Note that due to thermodynamic coupling, four of 
the twelve parameters are dependent on the others, and were 
consequently not independently fitted. Further implementation details can 
be found in the experimental section. Cyclic voltammetry can provide both 
the required macroscopic thermodynamic and kinetic data; the former is 
obtained by averaging the anodic and cathodic peak positions (Epa and Epc, 
respectively) in a voltammogram, measured at a certain pH at a relatively 
low scan rate. The following section describes how the required kinetic data 
can be generated. Once the individual (microscopic) pKais and Ei0’s are 
produced by the model, they provide insight into the reaction mechanism 
prevalent at a certain pH, i.e. the order in which the protonations and 
electron transfers occur. In addition, the model provides a single 
microscopic ‘pure-electron’ rate constant ks specific to each wire, which 
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represents the rate constants pertaining to all six possible single step 
electron transfers [9] in the square scheme presented in figure 1 (assuming 
that the pure electron transfer rate constant ks is independent of 
protonation state, when it is defined at zero overpotential relative to the 
actual microscopic reduction potential of that state). Since the ks rates 
describe electron transfer only, and are – in principle – separated from 
proton transfer phenomena, they can be used to determine a value for the 
decay constant β, characteristic of each series of wire (either ubiquinone- 
or menaquinone-terminated). This is in contrast to the use of the 
macroscopic kapp to determine β, which can also be encountered in the 
literature (e.g. [3, 11]). In a plot (see figure 11) of ln(ks) vs. tunneling 
distance L (in Å), the slope provides β, while the intercept ln(klim) = ln(ks)L=0 
can be used to calculate the reorganization energy λ (in eV), using eqn. 4.2 
and 4.3 [20]. 
= 4  (4.2) 
≈ 10 0.5  (4.3) 
  
Here, kmax (the driving-force-optimized Marcus rate constant for any single, 
fully occupied state) and ρ = 0.9 eV-1 (the effective density of electronic 
states near the Fermi level) were defined as previously described [20-23], F 
is the Faraday constant, R is the gas constant and T is the temperature. 
4.1.4 Laviron plots and Butler-Volmer kinetics 
A strongly electrode-adsorbed redox species is said to show ideal and 
reversible electrochemical behavior when its corresponding cyclic 
voltammogram shows symmetric anodic and cathodic peaks that are not 
separated at low scan rates (i.e. ΔEp = 0) since diffusion does not occur. 
Furthermore, the peak current and scan rate are expected to show a linear 
relationship and, additionally, the FWHM (full width at half the peak height) 
should approach a value of 90.6 / n mV at 25°C, where n is the number of 
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electrons being transferred, assuming fully cooperative multi-electron 
transfer [24]. 
Increasing scan rates (v) cause the anodic and cathodic peaks to separate, 
that is, the peak separation becomes greater than zero (ΔEp = Epa – Epc > 0). 
When the midpoint potential E0’ (i.e. the average of Epa and Epc at low scan 
rates) is subtracted from the anodic (Epa) and cathodic (Epc) peak positions, 
and both are plotted against the logarithm of the scan rate (i.e. (Ep – E0’ vs. 
log(v) – note that subtracting E0’ is not strictly necessary, only convenient), a 
Laviron plot is obtained (see, for example, figure 7A). Traditionally, the 
linear parts of both curves (above 200 mV / n) are extrapolated and their 
points of intersection with the line Ep – E0’ = 0 provide critical scan rates va 
and vc, while the slope of the extrapolation lines provide α, the electron-
transfer coefficient. These values can be used to calculate the apparent 
electron transfer rate constant, kapp, which represents the kinetic 
information required for the model described in the previous section [1, 9, 
25]. 
It was found, however, that in some instances – especially in case of 
measurements performed at high pH and high scan rates – the 
extrapolation procedure proved somewhat arbitrary, and that its outcome 
was determined by only a few manually selected data points. Additionally, 
many valid data points were not included in the calculations. An alternative 
approach was therefore pursued. Instead, the data were fitted to the peak 
potentials of simulated voltammograms. The underlying rate constants for 
oxidation (eqn. 4.4) and reduction (eqn. 4.5) were calculated using Butler-
Volmer equations [20]: 
= (1 − )( − )  (4.4) 
= − ( − )  (4.5) 
  
Here, k0 is the standard rate constant, E is the applied potential, E0’ is the 
equilibrium (midpoint) potential, α is the transfer coefficient, n is the 
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number of electrons, F is the Faraday constant, R is the gas constant and T 
is the temperature. Staircase cyclic voltammograms were simulated [36], in 
which the current at a given time was obtained using eqn. 4.6: 
( )  =  ( ( ) ( ) − ( ) ( )) (4.6) 
  
Here, A is the electrode surface area, Γox is the surface concentration of the 
oxidized species and Γred is the surface concentration of the reduced species 
at any given potential and time. Values for k0 (i.e. kapp), non-integer n (i.e. 
napp) and α could then be obtained by fitting experimental data to simulated 
data generated by means of the aforementioned equations. The value of 
napp reflects the stability of the semiquinone. When napp = 2, the 
semiquinone can be considered fully unstable, while when napp = 1, the 
semiquinone can be deemed stable. Intermediate, non-integer values 
therefore provide a measure for semiquinone stability, which can aid in the 
elucidation of the mechanism of the quinol/quinone oxidation/reduction 
reaction [26].     
Although straightforward in use and satisfactory for many purposes, the 
Butler-Volmer expressions for the oxidation and reduction rate constants 
are essentially empirical, and its parameters have limited physical meaning 
[27]. One may therefore argue whether models based on said expressions 
are too simplistic to realistically describe the complex two-electron/two-
proton reaction of the quinone moiety. 
4.2 Results and discussion 
The bulk of the experimental work presented here consists of an 
exploration of the electrochemical behavior of the Q-wires, measured by 
means of cyclic voltammetry. The kinetic data to be fitted to the 
aforementioned PCET model is obtained from Laviron plots, i.e. cathodic 
and anodic peak positions (Epc and Epa) measured at increasing scan rates 
and at different pH values. This section begins, however, with some 
observations on the SAM preparation process and the relevant 




4.2.1 SAM preparation and characterization 
To arrive at gold-binding Q-wires, the synthesis pathway outlined in chapter 
3 requires one additional step: the conversion of the terminal thioacetate 
to a thiol. Considering the small amount of product, it was decided to 
combine this deprotection step with the SAM formation process of the 
wires; a freshly polished gold electrode was incubated in an appropriate Q-
wire solution undergoing relatively mild hydroxylamine-catalyzed thioester 
hydrolysis, allowing for the liberated thiol groups to bind to the gold 
surface. After this incubation period, generally lasting 18 hours or more, 
UV-Vis spectroscopy performed on the deprotection solutions revealed 
intact π-systems in case of M2, M3 and U2 and U3 (figure 2). Note that the 
absorbance maxima (λmax) shift to longer wavelengths with increasing 
length of the OPV system, as observed previously [5]. Additionally, cyclic 
voltammetry showed characteristic quinone-like electrochemical behavior, 
suggesting the Q-wires to be undamaged. 
As suggested before [9], 
headgroup interactions among 
the wires may distort their 
electrochemical behavior. It 
was therefore decided to 
introduce a diluent molecule 
in order to minimize these 
interactions. To this end, the 
electrodes – already modified 
with Q-wire – were incubated 
in a heptanethiol solution 
(butanethiol in case of U0 and 
M0). After several washing 
steps to remove non-
chemisorbed thiols, the prepared working electrode was then mounted in a 
‘Hagen cell’ [28], together with the counter and reference electrode. Cyclic 
voltammetry was then performed in an appropriate buffer under an argon 
atmosphere. 
 
Figure 2 UV-Vis spectra of ‘deprotection 
solutions’ of U2 (black dashed line), M2 (gray 




















Surface coverage (Γ) determination is based on integration of the anodic 
and/or cathodic peaks in a voltammogram [1, 9]. In these experiments, 
however, no accurate calculations could be performed since the ‘surface 
roughness’ – and therefore also the exact surface area – of the electrodes 
used here is essentially unknown. Although the obtained values varied 
widely among prepared electrodes, those with an estimated coverage 
between 3 × 10-11 mol/cm2 and 3 × 10-10 mol/cm2 (using the geometric 
electrode surface area) were considered suitable for the generation of 
Laviron plots. 
4.2.2 Voltammetric characteristics of the Q-wire SAMs 
Figure 3 depicts cyclic voltammograms of Q-wires of different length and 
type, measured at constant pH and scan rate. A single, asymmetric redox 
couple can be observed, with increasing peak-to-peak separation and peak 
broadening as the wire length increases. The broadening of the anodic peak 
is particularly pronounced, showing non-ideal Nernstian behavior, since at 
all instances the full width at half maximum far exceeds the theoretical 
value of 45 mV for a surface-confined two-electron redox couple [1]. In fact, 
this value is not even found for the shortest wires at high pH, where the 
electrochemical behavior of the wires becomes more reversible (see, for 
example, figure 6). Although a single peak is observed, representing the 
transfer of two electrons, it is in fact the result of the merger of two one-
electron peaks. Both one-electron transfers occur at similar potentials, but 
do not happen simultaneously. Herein lies an explanation for the broadness 










Figure 3 Normalized cyclic voltammograms of Q-wires on a gold electrode at 
constant pH (6.5) and constant scan rate (50 mV/s), illustrating the effect of OPV 
bridge length (A) U0 (black solid line), U1 (gray solid line), U2 (black dashed line), U3 
(gray dashed line) (B) Same line color/style system for M0 through M3 
 
The distance dependence – i.e. the increase in peak-to-peak distance with 
increasing wire length at a given scan rate – found for the series of quinone-
terminated OPV wires presented here, is (mostly) absent from a set of 
comparable, but fully conjugated hydroquinone-terminated OPV wires 
described in the literature [1], which are of similar length to U1 and U2. This 
suggests that when the conjugation of an OPV system is disrupted by a 








































Figure 4 (A) Linear increase in anodic (filled markers) and cathodic (hollow 
markers) peak current with increasing scan rate; M1 on a gold electrode at pH 6.5 
(B) Cyclic voltammograms showing said increase; scan rates: 100, 200, 500, 1000 
mV/s  
 
As mentioned previously, an ideal, strongly adsorbed redox species is 
expected to give rise to a linear relationship between peak current and scan 
rate. As can be concluded from figure 4, this criterion is indeed met. 
However, the slope of the line pertaining to the anodic peak is less steep in 
comparison to the slope of the cathodic line, which can be attributed to the 
broader shape of the anodic peak, which is consequently less high, yet has 











































Figure 5 Normalized cyclic voltammograms showing the effect of increasing scan 
rates on hysteresis; scan rates: 20, 200, 2000, 20000 mV/s. The arrows indicate 
the direction in which the anodic or cathodic peaks move with increasing scan rate 
(A) M0 on a gold electrode at pH 6.5 (B) M3 on a gold electrode at pH 6.5 
 
Figure 5 further illustrates the effects of increasing scan rate; an increase in 
the peak-to-peak distance – or hysteresis – is again found, accompanied by 
peak broadening. At a given scan speed, the hysteresis found for a longer 
wire (figure 5B) is more substantial than that found for a shorter wire 
(figure 5A). The increasing peak-to-peak distance with scan rate can be used 
to extract kinetic information, as will be described in more detail below. 
Plotting the peak positions against the logarithm of the scan rate yields a 
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visible in figure 7A; under acidic circumstances, even at low scan rates, a 
considerable peak-to-peak separation can be observed, whereas this 
separation approaches zero under alkaline conditions. 
 
 
Figure 6 Normalized cyclic voltammograms of (A) U1 and (B) U3 on a gold electrode 
at different pH: 13, 9.5, 6.5, 3.5; scan rate: 50 mV/s. The arrows indicate the 
movement of the voltammograms to lower potentials with increasing pH 
 
Besides its effect on peak-to-peak distance, the pH also influences the 
midpoint potential of the quinone head group, as illustrated by figure 6 and 
7B; an increase in pH causes a decrease in midpoint potential. Additionally, 
under increasingly alkaline conditions, the quinone moiety displays 
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becomes symmetric and the peak-to-peak distance approaches zero at low 
scan speeds. By plotting the midpoint potential against pH, a simplified 
‘Pourbaix diagram’ [19] is obtained. Figure 7B shows the midpoint 
potentials pertaining to all the Q-wires as a function of pH. The slope of the 
linear part of the lines depicted in this figure approach -60 mV/pH, which 
corresponds to a two-electron/two-proton transfer process [19]. Also, this 
suggests that the observed midpoint potentials reflect thermodynamic 
properties, even though the kinetic behavior is not ideal. The hysteresis 
thus appears to be nearly symmetrical. 
This value (-60 mV/pH) was found for all the Q-wires, suggesting that even 
under very alkaline conditions (pH ≤ 14), a regime of two-electron/one-
proton or two-electron/zero-proton transfer is not encountered. This 
contrasts with pKa values reported in literature (e.g. pKaQH2 = 11.2 for 
isoprenic ubiquinone in water/ethanol [29]). Indeed, increased pKa values 
have been reported for redox species directly adsorbed onto the electrode 
surface in comparison with their soluble counterparts [1, 3, 9, 30, 31]. Note 
that the lines in figure 7B, which represent simulated data (using eqn. 4.7 
and the pKa values produced by the PCET model described below), predict 
full thermodynamic proton decoupling (slope approaches zero) at even 
more alkaline pH, i.e. the overall, equilibrated reaction is a two-













Figure 7 (A) Laviron plot of U3 on a gold electrode at pH 3.5 (gray line) and pH 13 
(black line). Note that the lines do not represent model fits (B) Simplified Pourbaix 
diagram of U0-U3 (black line, hollow markers) and M0-M3 (gray line, filled markers); 
marker shapes: U0/M0 squares; U1/M1 diamonds; U2/M2 triangles; U3/M3 circles. 
The solid lines represent the results from the global fit to the PCET model 
 
An interesting phenomenon can be observed in figure 8A; at high scan rates 
and alkaline pH (here: 0.5 – 10 V/s and pH 12), a second anodic peak occurs 
at higher potential. While the second peak develops with increasing scan 













































‘switch’ in the mechanism of the oxidation reaction, where a slower 
mechanism is replaced with a faster mechanism at higher scan rates. 
 
 
Figure 8 (A) Normalized cyclic voltammograms of U3 on a gold electrode at pH 12, 
showing the development of two anodic peaks with increasing scan speed, as 
indicated with the arrows; scan rates: 0.5, 1, 2, 5, 10 V/s (B) Laviron plot showing 
the coexistence of two anodic peaks (hollow squares) at certain scan rates. The 
lines represent Butler-Volmer model fits    
 
Given that this behavior is observed at alkaline pH, it is assumed to reflect a 
kinetic electron-proton (un)coupling effect; the faster proton-uncoupled 
electron transfer predominant at even higher pH can only be achieved at 

















































outran ('frozen') at high scan rates, where only the uncoupled fast steps can 
occur [37]. Figure 8B, which depicts a Laviron plot illustrating the 
aforementioned behavior, additionally features a fitting curve resulting 
from a fit to the Butler-Volmer model described above. Here, although not 
reflecting reality, both anodic peaks were included in the fit. This minimal 
modeling approach was chosen because it cannot be excluded that the 
observed broad single peaks in fact represent two unresolved peaks. In 
addition, this minimal modeling is implicitly accounted for in the global 
PCET model analysis (fit) described below. 
4.3.4 Kinetic analysis: Butler-Volmer model 
As exemplified by figure 8B, the obtained Laviron plots were used to 
perform fits to the aforementioned Butler-Volmer model, producing output 
values for kapp, α and napp (figure 9 and 10). Together with the 
thermodynamic data (E0’ vs. pH, see figure 7B), the kinetic data – kapp vs. pH 
– then served as input to the PCET model described below. The 
interpretation of the kinetic data will also be discussed in greater detail. 
When inspecting figure 9A, depicting all the napp values found for the wires, 
it becomes clear that at alkaline pH ≥ 11 the average napp suddenly 
decreases, after a roughly stable regime, which signifies a decrease in 
electron cooperativity. Therefore, at alkaline pH, the semiquinone moiety 
(‘SQ’) is more stable. At low pH, napp > 1, which is indicative of cooperativity 
due to the inversion of EQ/SQ and ESQ/QH2. At high pH, napp ≤ 1, in which case 
the semiquinone becomes stable and electron transfer occurs in two one-
electron steps [27]. At high pH ≥ 14, EQ/SQ and ESQ/QH2 may become equal, 
accounting for the observed approximately 60 mV voltammetric peak width 
at half-height (FWHM) at high pH [26]. Since napp is in fact a convolution of 
measures of thermodynamic and kinetic stabilization of the semiquinone, 
values of napp < 1 found at high pH further suggest that, in addition to 
thermodynamic stabilization of the semiquinone, kinetics may also have to 
be taken into account.   
Although generally somewhat higher than the generic value of α = 0.5, 
figure 9B suggest relatively stable values for the (apparent) transfer 
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coefficient α, obtained from the Butler-Volmer model (expect, perhaps, 
between pH 11 and 12, where α ranges between 0.4 and 0.8). 
 
 
Figure 9 Behavior of (A) napp and (B) α vs. pH for Usat (crosses) and U0-U3 (black 
dashed line represents average) and M0-M3 (gray dashed line represents average), 
obtained from Butler-Volmer model fits. Markers are defined as in figure 7  
 
4.2.4 Modeling PCET 
Figure 10 depicts the kinetic data – i.e. apparent rate constant kapp vs. pH – 
obtained from the Butler-Volmer analysis. The curves represent the global 
PCET model fit to all data points for one type of Q-wire (menaquinone- or 
























figure 10. Firstly, at acidic and neutral pH, the values found for kapp are 
generally low and relatively insensitive to pH change, whereas, at more 
alkaline pH, a more pronounced increase of kapp with increasing pH can be 
observed. Secondly, a clear dependence of kapp on bridge length can be 
recognized, especially at not too alkaline pH: kapp values two orders of 
magnitude greater than those found for the longest wires (U3, M3), can be 
observed for the shortest wires (U0, M0). Finally, except perhaps in case of 
U3 and Usat, the kapp values converge at the highest pH limit, to a value of 
around 2000 s-1. Note that for the shorter wires, the PCET model does not 
accurately reflect this behavior. It can be concluded that, at very alkaline 
pH, electron transfer becomes increasingly kinetically uncoupled from 
proton transfer, but not yet thermodynamically uncoupled, as evidenced by 
the -60 mV/pH slopes observed in figure 7B, which indicate a 
(thermodynamic) two-electron/two-proton process. 
The disruption of the conjugation in the OPV bridge by a single sp3 carbon 
introduces a distance dependence, which contrasts with the behavior 
observed previously for fully conjugated wires of comparable length [1, 8]. 
It may be argued, however, that in case of short, fully conjugated wires (less 
than 28 Å in length), the OPV system could be considered part of the redox 
species. In this scenario, the distance between the edge of the OPV system 
and the electrode – which is constant for a series of wires differing only in 
the length of the OPV system – is the relevant tunneling distance between 
the redox species and the electrode, explaining the absence of an OPV 
length dependence. The Q-wires presented in this study can therefore – 
unlike the aforementioned fully conjugated wires – be correctly described 
as ‘a redox species tethered to an OPV system’, while safeguarding its 
natural electrochemical characteristics by uncoupling the species from said 
OPV system. Consequently, the midpoint potentials of the quinone moieties 
of the Q-wires are close to ‘natural’ values at pH 7: -62 mV for 
menaquinone- (literature: -70 mV [32]) and 122 mV for ubiquinone-






Figure 10 Apparent rate constants kapp vs. pH found for the Q-wires on a gold 
electrode. Markers are defined as follows: U0/M0 squares; U1/M1 diamonds; 
U2/M2 triangles; U3/M3 circles; USAT crosses. The solid gray lines represent a global 
PCET model fit to all data points of one type of Q-wire – from top to bottom: (A) 
U0 through U2, USAT, U3 (B) M0 through M3. The dashed lines define pH regimes 
where a certain electron transfer pathway through the nine-member square 
scheme (figure 1) is dominant. These pathways are represented schematically by 
the insets 
 
As summarized in figure 1, the theoretical model developed by Laviron and 
Finklea describes the two-electron/two-proton reaction of a surface-
associated redox species in terms of 12 possible individual steps, either a 
proton or an electron transfer, and relates kapp and E0’ values to microscopic 







































value describes all six pure one-electron transfer events, pertaining to a Q-
wire of given length and type of quinone head group. 
As can be appreciated in figure 
11, ks decreases exponentially 
with wire length, i.e. the vector 
length between the sulfur 
center and the center of the 
closest carbon atom in the 
quinone head group of a 2D-
optimized molecular model. 
The fitted ln(ks) vs. distance 
yield well-correlated and 
somewhat parallel straight 
lines for U0-U3 and M0-M3. This 
corroborates the assumption 
that the microscopic pure-
electron ks does indeed depend 
on quinone type. 
As described above, figure 11 allows for the calculation of Marcus 
parameters, i.e. the decay constant β and reorganization energy λ. The 
obtained values can be found in table 1. 
Table 1 Marcus parameters β and λ pertaining to M0-M3, U0-U3 and USAT 
M0-M3 β = 0.20 Å-1 
λ = 1.46 eV 
U0-U3 β = 0.23 Å-1 
λ = 1.54 eV 
USAT β = 0.35 Å-1 (estimated) 
λ = 1.54 eV (estimated) 
 
The very low value for the decay constant β ≈ 0.2 Å-1 reported here, 
suggests that the conductivity of the Q-wires is not too compromised by the 
inclusion of an sp3 carbon. Compared to wires of comparable length (i.e. 
U2), USAT has – as expected – a lower ks value (figure 11) and a higher 
(estimated) β value (table 1). The latter value, however, contradicts β 
 
Figure 11 ln(ks) vs. tunneling distance (i.e. 
OPV bridge length), used for calculation of 
Marcus parameters β and λ, pertaining to M0-
M3 (gray line), U0-U3 (black solid line) and USAT 



















values encountered in literature for fully saturated bridges (0.8 - 1.0 Å-1 [1]). 
It is therefore likely an underestimation, perhaps due to an incorrectly 
estimated intercept in figure 11, which additionally results in an incorrectly 
estimated reorganization energy. Additionally, the flexibility of the 
alkanethiol tether of USAT, as opposed to the rigidity of the OPV systems of 
the other wires, may perhaps provide an explanation. In this scenario, 
coiling could reduce the tunneling distance between the quinone moiety 
and the electrode, resulting in an overestimation of the value of ks. If the 
average distance were reduced to the thickness of the supporting 
heptanethiol SAM, the decay constant would be closer to that expected for 
a saturated tunneling medium. Furthermore, this microscopic ‘pure-
electron’ rate constant was obtained from a model based on a great 
number of assumptions, and its true significance is therefore uncertain. It 
may therefore not be possible to fully separate the ‘pure-electron’ rate 
constants using the method described above, and a comparison between 
U2 and USAT based on ks may not be very informative. Comparing the values 
for kapp of both wires, a rate enhancement ranging between a factor of two 
and ten, averaging around only four, was found for U2, much lower than the 
100-fold rate constant increase reported for a fully conjugated 
hydroquinone-terminated wire in comparison with a fully saturated wire of 
similar length [1]. As discussed previously, however, when considering the 
superior rate constants observed for ferrocene-terminated wires of similar 
length, one may conclude that, in the case of (hydro)quinone-terminated 
wires, the nature and length of the bridges are of secondary importance 
only, and that the coupled electron/proton kinetics of the hydroquinone 
moiety appear to be rate-limiting. The latter may be supported by the 
observed convergence of the data points in figure 10, which is not 
accurately reflected by the PCET model; at very alkaline pH, a maximum 
overall reaction rate constant is reached, which is only weakly dependent 
on bridge type and length.  
A global fit over all pH values of both E0’ and kapp values for the ubiquinone- 
and menaquinone-terminated wires, allows for the determination of the 
aforementioned microscopic parameters, which are summarized in figure 
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12. These parameters aid in the determination of the dominant kinetic 
pathway through the square scheme (figure 1) at a given pH [34].  
 
Figure 12 Nine-member square scheme for the Q-wires, showing values for the 
microscopic PCET model parameters pKai and Ei
0’ (upper values U0-U3, lower values 
M0-M3), obtained from a global fit over all pH values of both E
0’ and kapp values. 
The H2Q
2+ species is unlikely to be formed (gray area) 
 
From the global fit, it becomes clear that the kinetically preferred electron 
(e)/proton (H) sequence changes from ‘HeHe’ at the lowest pH values, via 
‘eHHe’, to ‘eHeH’, and finally to ‘eeHH’ at the highest pH values, as can be 
appreciated in figure 10.  
Therefore, with increasing pH, the observed trend is that electron transfer 
increasingly occurs before proton transfer. Above pH 12 (U0-U3) and pH 
11.5 (M0-M3), both electron transfer steps appear to become kinetically 
uncoupled from proton transfer (both electrons are transferred before 
protonation). This yields a pH-independent maximum kapp, even though 
thermodynamically, electron and proton transfer only become uncoupled 







































It must be remarked that for the shortest wires, the model predicts a 
somewhat higher maximum kapp than observed (figure 10). This may 
suggest that electron and proton transfer are not fully uncoupled in the 
short wires: electron transfer is entangled with proton transfer, i.e. occur 
over a common electron-proton transition barrier, which is lower than the 
pure proton transfer barrier, but higher than the pure electron transfer 
barriers that are assumed in the discrete-step square scheme model. Thus, 
with increasing electron tunneling rate and decreasing proton transfer 
rates, proton-coupled electron transfer becomes more favorable when 
occurring over a trajectory in the energy landscape that lies increasingly 
towards the diagonal of the scheme. To conclude, in case of longer wires or 
not too high pH, the used discrete ‘over the corners’ electron and proton 
transfer square-scheme model is close to reality. However, this model is 
less applicable to the shortest wires at high pH, where an entangled 
common trajectory through the energy landscape is a faster alternative to 
fast electron transfer followed by slow proton transfer.  
Quinone-dependent enzymes may face the same dilemma: fast turnover of 
quinone/quinol is most likely promoted by fast electron transfer to nearby 
cofactors, but the enzyme must then also catalyze fast proton transfer. The 
enzyme might achieve this simply by rendering electron transfer fast 
enough to promote a lower common coupled electron-proton energy 
barrier. 
4.3 Conclusion  
In this chapter, an electrode treatment procedure was successfully 
developed that allows for the preparation of electrodes modified with Q-
wire SAMs, capable of withstanding very high scan rates subjected to during 
certain cyclic voltammetry experiments. These experiments resulted in 
consistent data sets for both menaquinone- and ubiquinone-terminated 
wires. For example, E0’ values consistent with literature values were found, 
suggesting the inclusion of a single sp3 carbon in the bridge indeed 
preserves the electrochemical characteristics of the quinone-moieties. 
However, in the Pourbaix diagrams (figure 7B), slopes of -60 mV/pH were 
consistently found for pH values up to 14, suggesting an increase in pKa. 
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Fitting the obtained Laviron plots (e.g. figure 7A) to a Butler-Volmer model 
provided values for α, napp and kapp vs. pH, the latter of which (figure 10), 
together with the Pourbaix diagrams, were used as inputs for a PCET model, 
which was then used to determine microscopic parameters (figure 11 and 
12). This analysis aided in the determination of the prevalent 
electron/proton transfer pathway through the square scheme (figure 1) 
followed by the quinone moiety. The general observed trend was that, with 
increasing pH, electron transfer increasingly occurs before proton transfer. 
Above pH 12 (U0-U3) and pH 11.5 (M0-M3), both electron transfer steps 
appeared to become kinetically uncoupled from proton transfer, but not 
yet thermodynamically until at least pH 14. A value for the decay constant 
of the Q-wires could also be determined: β ≈ 0.2 Å-1, which signifies that the 
conductivity of the Q-wires is only mildly compromised by the inclusion of 
the aforementioned sp3 carbon. A distance dependence was nonetheless 
introduced, which is not found for fully conjugated wires less than 28 Å in 
length. Furthermore, comparison between U2 and USAT (when assumed to 
be fully uncoiled) only revealed a moderate 2-10 times enhancement in rate 
constants for U2. 
Considering the low electron transfer rates found at biologically relevant pH 
(figure 10), it cannot yet be concluded whether the Q-wires can provide 
non-rate-limiting electron transfer between enzymes and the electrode. It 
is, however, likely that enzymes facilitate fast proton transfer, enhancing 
the electron transfer rates of enzyme-associated Q-wires. 
4.4 Experimental section 
4.4.1 Electrochemistry setup 
Electrochemistry experiments were performed using a ‘Hagen cell’ [28] 
(placed inside a Faraday cage), which accommodates a three-electrode 
setup: the working electrode (gold disk, 2 mm diameter, CH-Instruments), 
the reference electrode (saturated KCl/calomel with porous glass junction, 
Radiometer REF401) and the counter electrode (platinum wire). A small 
volume of electrolyte (~25 µl) was confined between reference and working 
electrode. Optionally, additions were injected into the electrolyte by 
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through an injection port. The composition of the cell’s gas headspace 
could be regulated; all experiments described in this chapter were 
performed under argon (Linde gas, quality 6.0). After adjusting the counter 
electrode to contact the electrolyte meniscus, cyclic voltammetry was 
performed using a digital potentiostat (Autolab PGSTAT 12, GPES software 
version 4.9, linear sweep mode, step size 2 mV). The recorded 
voltammograms were analyzed (i.e. determination of peak characteristics) 
using the aforementioned GPES software. 
4.4.2 Electrode preparation 
 
The aforementioned gold working electrodes were polished using aqueous 
alumina slurries (1 µm, 0.3 µm, 0.05 µm, respectively) on microcloth 
(Buehler). After each polishing step, the electrode was rinsed and sonicated 
in water. The electrode was then placed in 80 µl of an appropriate ‘Q-wire’ 
solution, containing 50 µM of said wire, 5 mM of hydroxylamine and ~1.5 M 
of water in DMSO. The self-assembled monolayer (SAM) was typically 
allowed to form overnight, after which the electrode was thoroughly rinsed 
with water and DMSO. Butanethiol (M0 and U0) or heptanethiol (other 
wires) were used as diluents; incubating the electrode with 0.2% v/v of said 
alkanethiol in ethanol for ~10 mins ensured the formation of the desired 
co-SAM. A thorough washing of the electrode with copious amounts of 
water and DMSO was then performed, after which it was stored in DMSO. 
Prior to use, the electrode was rinsed with water one final time. 
4.4.3 Electrochemistry: Laviron plots 
To assess the influence of wire length and pH on the kinetic properties of 
the ‘Q-wires’, electrodes modified with the appropriate (mixed) SAM were 
subjected to cyclic voltammetry, performed at increasing scan speeds (10 
mV/s – max. 2 kV/s, depending on SAM stability) in buffered solutions with 
different pH. When necessary, the potential or current range was adjusted. 
Since the electrodes could not be reused after being exposed to a series of 
measurements at increasing scan speeds – and with that, increasing 
overpotentials – freshly prepared electrodes were required for every pH 
value, duplo and wire type. The following (monovalent) buffers (100 mM) 
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were used: pyruvic acid (pH 2); formate (pH 3.5); acetic acid (pH 5); Bis-tris 
methane (pH 6.5); MOPS (pH 7.2); Tris (pH 8); ethanolamine (pH 9.5); 
piperidine (pH 11); trifluoroethanol (pH 12); potassium hydroxide (pH ‘13’ 
and pH ‘14’). Where necessary, the ionic strength was adjusted to I = 0.5 
using KCl. As mentioned previously, GPES software was used to obtain peak 
characteristics, after which the resulting ‘Laviron plots’ (i.e. Epeak vs log(v)) 
were fitted to simulated data obtained from a Butler-Volmer model 
discussed in the introduction. 
4.4.4 PCET modeling 
In this study, an adaptation of the method described by the Lebedev group 
was followed [9], which in turn was based on a theoretical analysis by 
Laviron [13] and Finklea [18]. However, the equation used for the 
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 (4.7) 
 
The equation implemented in Lebedev’s model was based on the 
assumption that the fully protonated, oxidized state H2Q2+ and the fully 
deprotonated, fully reduced state Q2- cannot exist. This assumption yields a 
truncated apparent Pourbaix equation and an ever-increasing kapp at high 
pH, which contradicts the clear and consistent leveling off of kapp at high pH 
observed in this study, which can only be fitted to the given model when 
the fully deprotonated, fully reduced state Q2- is included as a true kinetic 
intermediate, even though it is not thermodynamically stable up to pH 14 
(i.e., no distinct deviation from the -60 mV/pH slope of E0’ vs. pH was 
observed up to pH 14 – see figure 7B). Hence, eqn. 4.7 was implemented 
instead. 
For each set of Q-wires (either ubiquinone- or menaquinone-terminated), 
all kapp and E0’ values as function of pH and wire length were fit globally with 
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a single set of six pKai values (thus assuming the proton-affinities to be 
independent of wire length) and Ei0’ values (two independent, four other Ei0’ 
values depend on the former two, as well as on the pKai values) and one 
separate free-fitted microscopic ks for each wire length (thus making the 
possibly somewhat crude assumption that ks – i.e. the electron transfer rate 
at zero overpotential, relative to the microscopic redox potential of the 
given one-electron step – does not depend on the redox or protonation 
state of the quinone moiety, but only on its type). Additionally, all 
microscopic αi were set to αi = 0.5 [13]. The lowest pKa (pKa1) was not fitted, 
since it could not be deduced from the data, but was calculated using an 
equi-distance assumption between the fully oxidized state Q and the fully 
reduced state Q2- instead: pKa3 – pKa1 = pKa6 – pKa5. The other low pKa values 
(i.e. pKa2 and pKa3) were free-fitted since they still influence kapp in the acidic 
pH regime, even though they are below the measured pH range, and thus 
likely less accurate. The highest pKa is constrained to be pKa6 ≥ 14, 
consistent with the observed slope of -60 mV/pH in the Pourbaix traces up 
to pH 14 (figure 7B). Additional constraints and implementation details can 
be found in the aforementioned study [9]. 
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The respiratory chain of E. coli is very versatile; it can potentially utilize ten 
different electron donors and six different electron acceptors [1]. There are 
many redox enzymes involved in establishing the many possible respiratory 
pathways. In the presence of a high concentration of oxygen, the 
cytochrome bo3 ubiquinol oxidase functions as the predominant terminal 
oxidase [2]. However, in the absence of oxygen and in the presence of an 
alternative terminal electron acceptor, E. coli can perform anaerobic 
respiration. Examples of these acceptors are: nitrate; DMSO; TMAO and 
fumarate [3]. The ‘quinone pool’ present in the cytoplasmic membrane 
plays a central role in transporting electrons between the different 
respiratory complexes [4, 5]. In this study, E. coli fumarate reductase, DMSO 
reductase and cytochrome bo3 will be studied, which oxidize quinols and 
function as terminal respiratory complexes. In addition, E. coli succinate 
dehydrogenase will be studied, which participates in the tricarboxylic acid 
cycle and reduces ubiquinone [6]. For a schematic representation of these 
enzymes, see figure 2. 
In this chapter, the electro-
enzymology of the 
aforementioned four respiratory 
enzymes will be explored by 
means of cyclic voltammetry. 
The ‘Q-wires’ introduced and 
characterized in the previous 
chapters will be employed to 
provide non-rate-limiting 
electron transfer between 
electrode and enzyme. 
Electrodes decorated with these 
wires will therefore function as 
an artificial quinone pool [7] for 
the enzymes. In addition, alkanethiols will prevent direct contact with the 
electrode, preventing damage to the enzymes. Figure 1 depicts a 
 
Figure 1 Visualization of the surface of a gold 




visualization of the electrode surface modifications used for most 
experiments. 
As will be elaborated on below, enzyme activity was indeed observed using 
the system presented in figure 1, albeit only qualitatively. Poorly 
reproducible results hindered proper quantitative analysis. Whether the 
system depicted in figure 1 is therefore useful in meaningful enzymology 
remains therefore to be decided. Further optimizations are necessary to 
achieve the full objective of this project. 
 
Figure 2 Schematic representation of the membrane-associated E. coli redox 
enzymes addressed in this study, showing their cofactors. Note that co-expression 
of these enzymes is highly unlikely. From left to right: cytochrome bo3 (subunit I-
IV); succinate dehydrogenase (subunit A-D); DMSO reductase (subunit A-C); 
fumarate reductase (subunit A-D). The dotted, vertical arrow represents proton 
pumping; the curved arrows represent electron transfer. Q/QH2: 
ubiquinone/ubiquinol; MK/MKH2: menaquinone/menaquinol. For clarification of 






5.1.1 E. coli fumarate reductase and E. coli succinate dehydrogenase 
Anaerobically expressed E. coli fumarate reductase (Frd) and aerobically 
expressed E. coli succinate dehydrogenase (Sdh) are structurally and 
functionally highly similar. They are therefore both included in the 
superfamily of complex II enzymes. Fumarate reductase, which functions as 
a terminal respiratory enzyme, oxidizes menaquinol to menaquinone and 
transfers its electrons to fumarate, reducing it to succinate. Succinate 
dehydrogenase, as part of the respiratory chain, catalyzes the opposite 
reaction and reduces ubiquinone to ubiquinol. Both enzymes are 
membrane-bound and are composed of four subunits: FrdA, B, C and D and 
SdhA, B, C and D. While FrdAB and SdhAB are very similar, the membrane-
spanning hydrophobic subunits FrdCD and SdhCD – which anchor the FrdAB 
or SdhAB subunit to the membrane – are not. For example, SdhCD carries a 
b556 heme with uncertain function (indicated as ‘b’ in figure 2) which is 
absent in FrdCD [8, 9, 10]. 
The FrdA and SdhA subunit both contain a covalently attached FAD moiety, 
which is involved in fumarate reduction/succinate oxidation. A ‘capping 
domain’ undergoes a conformational change when substrate is bound, 
closing the active site until the product, formed by hydride transfer from/to 
the FAD prosthetic group, is ready to be released [9, 11, 12, 13]. 
Finally, the FrdB and SdhB subunits, which contain three iron-sulfur clusters 
([2Fe-2S]2+,1+, [4Fe-4S]2+,1+ and [3Fe-4S]1+,0), relay electrons between the site 
of menaquinol oxidation/ubiquinone reduction and the FAD moiety. 
Although the potentials differ, the [4Fe-4S] cluster has an unexpectedly low 
redox potential in both enzymes, as compared to the two adjacent clusters 
(150-250 mV difference). This cluster nevertheless participates in the linear 
electron transport chain in FrdB and SdhB, despite its low redox potential. 
The proximity of the other two iron-sulfer clusters may provide an 
explanation. In this scenario, the edge-to-edge distance between the redox 
centers is a more determining factor in electron transfer, as compared to 
their midpoint potentials [14]. In addition, bond breaking and formation are 
often limiting to the overall catalytic rate of the enzyme, not the electron 
transfer rate [15, 16]. 
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In this study, it was attempted to immobilize – or at least temporarily bind – 
E. coli succinate dehydrogenase and E. coli fumarate reductase to gold 
electrodes using appropriate Q-wires, which have been introduced in the 
previous chapters. Upon binding of the enzyme, a catalytic signal is 
expected to be observed in the presence of substrate, indicating a direct 
electronic connection between electrode and enzyme. Here, fully purified 
succinate dehydrogenase was used. Depending on the experiment, 
fumarate-reductase-enriched membranes, membrane extract or purified 
fumarate reductase was used. 
5.1.2 E. coli cytochrome bo3 
The E. coli cytochrome bo3 ubiquinol oxidase functions as the predominant 
terminal oxidase under aerobic circumstances [2]. This four-subunit 
membrane-bound oxidoreductase is a member of the superfamily of proton 
pumping heme-copper oxidases [17]. It accepts two electrons from 
ubiquinol-8, and utilizes them for the four-electron reduction of oxygen to 
water, while pumping four protons across the membrane, contributing to 
the proton electrochemical gradient. The largest subunit – subunit I – 
contains all redox centers: a heme b (‘b’ in figure 2); a heme o3 (‘o3’ in figure 
2) and a copper ion (CuB) [18]. The latter two form the binuclear center 
where oxygen is bound and reduced, whereas heme b is involved in 
electron transfer to this binuclear center [19]. The enzyme has a low affinity 
(QL) and a high affinity (QH) site for binding ubiquinol-8. The QH-site binds 
ubiquinol-8 so tightly that the bound ubiquinol can be considered a 
cofactor. In this scenario, it is likely to be involved in electron transfer from 
the QL-site (which can then be considered the ‘normal’ active site for quinol 
oxidation during catalysis) to the heme b. Indeed, the semiquinone of the 
QH-bound quinol is stabilized by the enzyme, suggesting a role as 
‘converter’ of two-electron to one-electron transfer [2]. 
E. coli cytochrome bo3 was subjected to similar experiments as described 
for succinate dehydrogenase and fumarate reductase. In these 




5.1.3 E. coli DMSO reductase 
Anaerobic respiratory growth of E. coli on media containing DMSO 
(dimethyl sulfoxide) is enabled by the trimeric membrane-bound 
menaquinol:DMSO oxidoreductase (DmsABC), where it functions as a 
terminal electron transfer complex [21]. Menaquinol provides the two 
electrons required for the reduction of DMSO to dimethyl sulfide (DMS) and 
water, which occurs at a catalytic site located in subunit DmsA, which 
contains a molybdopterin cofactor (indicated as ‘Mo’ in figure 2). 
Menaquinol oxidation is performed by a catalytic site located in DmsC, a 
subunit that additionally functions as the enzyme’s membrane anchor. 
DmsB, an iron-sulfur protein, contains four [4Fe-4S] clusters, some of which 
are involved in electron transfer between DmsC and the catalytic site of 
DmsA [22-24]. 
Here, the experimental objective differs slightly from the ones stated 
above. No overexpressing strains, purified enzyme or enzyme-enriched 
membranes were used, but a ‘wild type’ membrane preparation was used 
instead, obtained from wild type E. coli (DH5α) grown anaerobically on a 
glycerol/DMSO minimal medium. The objective was to verify whether the 
aforementioned system would be suitable for performing electo-
enzymology directly on unpurified membranes, containing only relatively 
low enzyme concentrations. In this scenrario, the Q-wires would selectively 
‘plug into’ the enzyme of interest. If successful, no overexpression strain 
construction or protein purification would be necessary, greatly simplifying 
the experiment. 
5.1.4 Towards protein film voltammetry  
In protein film voltammetry (PFV), a redox enzyme of interest is 
immobilized as a stable (sub)monolayer on the surface of an electrode. 
Ideally, the electrode provides the enzyme with electrons directly in a non-
rate-limiting fashion, eliminating the need for a mediator that shuttles 
electrons between electrode and enzyme. This removes the problems 
associated with slow diffusion and kinetics, simplifying data analysis. 
Further benefits include the possibility of fast screening under different 
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(and extreme) circumstances: the modified electrode can be shortly 
exposed to different solutions of e.g. different (and extreme) pH. In 
addition, since only a (sub)monolayer of enzyme is required, very small 
amounts of protein are needed [25]. 
Fully immobilized, stable (sub)monolayers of redox enzyme were not 
achieved using the system presented in figure 1, yet fruitful electron 
transfer between the Q-wires and enzymes was nevertheless observed, 
especially in case of succinate dehydrogenase. Although the presence of 
alkanethiols on the electrode surface may have stabilized the protein ‘film’ 
through hydrophobic interactions, further modifications are required to 
achieve a stable, immobilized film. Only then can be profited from all the 
advantages pertaining to protein film voltammetry. 
5.2 Results and discussion 
In this section, the results from a series of cyclic voltammetry experiments 
are presented. These experiments were performed using electrodes 
decorated with a Q-wire and an alkanethiol co-SAM, as exemplified by 
figure 1. The Q-wires relay electrons between enzyme and electrode, 
which, in the presence of substrate, allows for the measurement of catalytic 
currents.  
As will be seen below, the catalytic currents due to enzyme activity are 
generally relatively small compared to the quinone reduction and oxidation 
peaks, and separation of the signals can therefore be challenging. One 
obvious way to circumvent this problem is to limit the electrode surface 
coverage of the Q-wire. Another strategy exploits the considerable 
hysteresis between the oxidation and reduction peaks of the longer Q-wires 
at approximately neutral pH. For example, while performing cyclic 
voltammetry with no enzyme present, by simply reversing the potential 
scanning direction before the reduction peak of the quinone is reached, the 
quinone is kept oxidized, and the oxidation peak therefore disappears. If 
enzyme (e.g. succinate dehydrogenase) is then added and its catalytic 
activity (e.g. succinate oxidation) results in the reduction of the quinone 
moiety, the measured anodic current is entirely attributable to enzyme 
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activity. The reverse is also true for enzymes oxidizing the quinol (e.g. 
fumarate reductase), where the potential scan window should exclude the 
oxidation region of the quinol, keeping it reduced. In conclusion, by 
‘silencing’ the reduction and oxidation peaks of the Q-wire, the catalytic 
current can be isolated. 
Besides relatively small catalytic currents, which complicate performing 
meaningful electro-enzymology, an additional obstacle was encountered. 
Although a standardized protocol was used for the preparation of the 
working electrodes, the measured enzyme activities obtained from identical 
experiments varied widely. Because these variations were unlikely due to 
improper enzyme treatment or buffer conditions, irregularities at the 
working electrode surface (e.g. composition, topology, contaminations, etc) 
are the most likely causes. To address this poor reproducibility, thorough 
optimization of the working electrode treatment (and subsequent enzyme 
interactions) is still required for quantitative investigations and applications. 
Another, more fundamental and – in some cases – perhaps insurmountable 
problem lies in obtaining a correct background current. The measured 
current can be corrected using a suitable background current to reveal the 
catalytic current due to enzymatic activity. Although most experiments 
were started by recording voltammograms prior to addition of enzyme to 
the electrolyte, these data usually cannot be used as ‘blank’, since the 
addition of an enzyme preparation (notably including surfactant or 
membrane fragments) by itself influences the background current. When 
enzymatic activity is present, the background current is essentially 
unknown. In the experiments described below, enzyme inhibitors proved 
useful in some cases. In this scenario, enzyme activity is inhibited, removing 
the catalytic current and revealing the background current. However, 
inhibition may be incomplete or the inhibitors may have additional effects 
on the measured current. This is especially true for e.g. potassium cyanide, 
used to inhibit cytochrome bo3 activity, which was observed to interact with 
the gold electrode surface, influencing the measured current. To prevent 
the latter, the electrode surfaces were decorated with dense(r) co-SAMs of 
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heptanethiol. An additional benefit to this strategy lies in the minimization 
of nonspecific oxygen reduction by the electrode surface. 
The complications described above clearly limit the extent to which enzyme 
activity can be quantified using the aforementioned system. Therefore, in 
order to be able to perform meaningful, quantitative electro-enzymology, it 
still has to undergo substantial optimization. 
5.2.1 Succinate dehydrogenase electro-enzymology 
As can be appreciated in figure 3, which depicts cyclic voltammograms of an 
electrode modified as shown in figure 1 (U3 SAM and heptanethiol as co-
SAM) before and after addition of succinate dehydrogenase, only minor 
differences can be detected that can be attributed to enzyme activity. 
While recording, enzyme addition causes the ubiquinol oxidation peak to 
gradually shift towards lower potentials; a subtle but consistently observed 
effect. As mentioned above, catalytic currents due to enzyme activity are 
generally relatively small compared to the quinone reduction and oxidation 
peaks. Therefore, in order to obtain meaningful enzymological information, 
another approach must be considered. 
 
Figure 3 Catalytic voltammograms of E. coli succinate dehydrogenase (purified); 
buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, 50 mM succinate, 0.005% lauryl 
maltoside, 20°C; scan rate: 5 mV/s; electrode modifications: U3 and heptanethiol. 





















Figure 4 (A) Catalytic voltammograms of E. coli succinate dehydrogenase 
(purified); buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, 50 mM succinate, 0.005% 
lauryl maltoside, 20°C; scan rate: 5 mV/s; electrode modifications: USAT and 
heptanethiol. The arrow indicates the development of the catalytic signal over 17 
scans (B) Catalytic current (final minus first scan in A; black line) and its derivative 
(gray line) 
 
Here, it was attempted to ‘silence’ the quinol peaks by restricting the 
potential scanning window, as can be observed in figure 4A (USAT SAM and 
heptanethiol co-SAM). After addition of enzyme and in the presence of 
succinate, a catalytic wave gradually builds up and then stabilizes. Although 
not shown here, after a period of stable enzymatic catalysis, gradual 
inactivation was often observed. As expected, a sigmoidal curve, which is 
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the measured wave (figure 4A, solid black line) is corrected for the 
background current (figure 4A, dashed black line). The derivative (figure 4B, 




Figure 5 (A) Catalytic voltammograms of E. coli succinate dehydrogenase 
(purified); buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, 50 mM succinate, 0.005% 
lauryl maltoside, 20°C; scan rate: 5 mV/s; electrode modifications: U3 and 
heptanethiol. The arrow indicates the development of the catalytic signal over 13 
scans (B) Catalytic current (final minus first scan in A; black line) and its derivative 
(gray line) 
 
Figure 5 represents a similar set of data obtained from an electrode 
modified with U3. Here, at potentials above 360 mV (the activity maximum, 
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somewhat (figure 5B, black line), possibly due to mass transport limitations 
(e.g. local depletion of substrate, which could imply faster electron transfer 
for U3 in comparison to USAT). Although less symmetrical, the derivative 
depicted in figure 5B (gray line), again shows peaks around 300 mV vs NHE. 
It should be noted that these values vary between experiments, but usually 
appear at higher potentials in comparison with the ubiquinol oxidation peak 
in absence of enzyme, implying the need of an overpotential when 
enzymatically oxidizing succinate. However, this potential shift may reflect a 
change in pKa or E0’ of the quinone moiety, which occurs when it enters the 
enzyme’s active site. 
An explanation for the slowly increasing signals, observed in figures 4A and 
5A and summarized in figure 6, could lie in the binding and diffusion 
kinetics of the enzyme to the wires. The electrode surface topology or 
contaminants on or near the electrode surface (e.g. micelles of lauryl 
maltoside or denatured protein) may perhaps limit said diffusion and 
binding, prohibiting a rapidly developing signal. Such irregularities may also 
have caused the observed variability in the measured enzyme activities, 
hindering reproducibility and quantification. Another explanation may 
simply be that the enzyme undergoes slow activation during the 
measurements. Indeed, some protocols describe the activation of succinate 
dehydrogenase prior to experimentation [26]. 
 
Figure 6 Development of succinate dehydrogenase activity, measured as catalytic 
























Oxaloacetic acid is a potent inhibitor of succinate dehydrogenase [27], and, 
in addition, does not appear to disturb the background current while 
performing cyclic voltammetry. It was therefore used in a set of 
experiments in which all ubiquinone-terminated wires (U0-U3 and USAT) 
were subjected to activity and inhibition studies. Figure 7 exemplifies these 
inhibition studies. Figure 7A illustrates the aforementioned ‘silencing’ of the 
ubiquinone peaks by limiting the potential scan range. 
As can be concluded from the results presented in appendix 1-5, there is a 
considerable variability in the observed enzyme activities – even when the 
experiments were performed identically. Although it is tempting to 
conclude that U0 and U1 – considering the low enzyme activities and 
required overpotentials – are the least suitable wires for the type of 
experiment presented here, the importance of the aforementioned 
variability must be emphasized and therefore much larger datasets are 
required to be able to draw a definitive conclusion. Should further 
measurements be consistent with the above data, a straightforward 
explanation may then lie in the shorter length of these wires. In this 
scenario, the wires are either insufficiently long to reach the active site of 
the enzyme or to penetrate a layer of contaminations associated with the 
electrode surface. Indeed, the catalytic current observed for U0 does not 
appear to be much more substantial in comparison with the (nonspecific) 













Figure 7 (A) Cyclic voltammograms of a U2- and heptanethiol-modified electrode 
at different potential ranges in 50 mM MOPS pH 7.2, 5 mM EDTA, 50 mM 
succinate, 20°C; scan rate: 10 mV/s (B) Catalytic voltammogram after addition of 
E. coli succinate dehydrogenase (black solid line; before addition: gray line); 
inhibited signal after addition of oxaloacetic acid (40 mM; black dashed line) (C) 




































































Figure 8 Effect of washing a U3- and heptanethiol-modified electrode after 
measuring E. coli succinate dehydrogenase activity; buffer: 50 mM MOPS pH 7.2, 5 
mM EDTA, 50 mM succinate, 20°C; scan rate: 5 mV/s. Gray line: before addition of 
enzyme; black solid line: after addition of enzyme and subsequent signal build-up;  
black dashed line: after washing with buffer 
 
Another important question to be addressed was whether the wires were 
capable of immobilizing the enzyme by themselves, thereby forming a 
stable protein film on the electrode surface. As can be concluded from 
figure 8, this does not appear to be the case. Once stable enzyme activity 
was established, the measurement was halted and the buffer was removed. 
The electrode surface was then carefully rinsed with buffer (containing 
substrate, but no detergent) and the buffer droplet was replaced, after 
which scanning was continued. However, no significant residual activity was 
found, suggesting no stable protein film of active enzyme was present on 
the electrode surface. Moreover, addition of fresh enzyme to the droplet 
did not lead to the reestablishment of the catalytic signal (data not shown), 
which could indicate that the electrode surface had become inaccessible to 
the enzyme, perhaps due to the presence of an impenetrable layer of 
contaminants (detergent, denatured protein, etc) on the electrode surface. 
Therefore, no definitive conclusion regarding the binding strength between 
the enzymes and the wires can be drawn, since the enzyme activity may 
have been compromised due to the washing treatment. Some possible 
strategies that may eventually lead to more stable protein films have been 



















Figure 9 Catalytic current of E. coli succinate dehydrogenase measured at different 
substrate concentrations on a U0- and heptanethiol-modified electrode in 50 mM 
MOPS pH 7.2, 5 mM EDTA, 0.005% lauryl maltoside, 20°C; scan speed: 5 mV/s. The 
buffer droplet was titrated with a concentrated succinate solution to achieve the 
desired concentration. The arrows indicate the development of the catalytic signal 
over time. Gray dashed line: Michaelis-Menten plot, using Imax = 1.8 nA and KM = 
35 µM)    
 
As mentioned above, enzyme activity varied substantially among different 
electrodes, making further enzymological experimentation, e.g. a basic 
Michaelis-Menten kinetic analysis, challenging. Here, however, the need for 
several differently behaving electrodes was circumvented by using a single 
electrode and by titrating the buffer droplet – already containing enzyme – 
with succinate, thereby hopefully obtaining a substrate saturation plot. 
While reminiscent of such a plot (gray dashed line), when inspecting figure 
9, however, it becomes clear that the data are a convolution of substrate 
saturation, gradual enzyme activation and enzyme inactivation, limiting the 
usefulness of these data. Superficial analysis (using only the highest 
currents per substrate concentration) suggests an apparent KM value of 
around 35 µM for succinate, which is higher than the previously reported 
KM of 20 µM [28]. 
Perhaps a more robust approach may lie in the use of a dedicated electrode 
for each substrate concentration to be measured. In this scenario, after a 
stable enzyme activity has been achieved, excess substrate is added to the 




















measurement is then normalized using the latter, hopefully producing a 
statistically more reliable, relative (dimensionless) enzyme activity that can 
be used in e.g. Michaelis-Menten analysis. 
As mentioned previously, irregularities at the working electrode surface 
(contaminations, differing electrode topology, etc.) hinder reproducibility 
and quantitative measurements. However, based on the geometric 
properties of the electrode surface and the enzyme, it is possible to roughly 
estimate a lower limit of the ‘catalytic rate constant kenz’, which is here 
defined as the number of electrons exchanged between enzyme and 
electrode per second. For example, a (maximum) catalytic current icat ≈ 32 
nA (see figure 5B) suggests a lower limit of kenz ≥ 3 s-1 (for calculation and 
assumptions, see experimental section) for a perfectly assembled full 
monolayer of functional enzyme (i.e. not denatured) on a smooth electrode 
surface, in which every enzyme has access to at least one Q-wire. Because 
the conditions at the electrode surface are unlikely to be this ideal, the 
obtained value for kenz is likely to be a significant underestimation. If the 
observed activity is comparable to the succinate-ubiquinone-1 reductase 
activity described elsewhere (kcat = ½kenz = 78s-1, 30°C, pH 7.8 [29]), kenz lies 
within the domain ~3 s-1 < kenz < ~150 s-1, which is much higher in 
comparison with the apparent electron transfer rate constant kapp 
measured in buffer, as described in chapter 4 (kapp = 0.012 s-1, 50 mM MOPS 
pH 7.2, I = 0.5; identical electrode modifications). This suggests that kapp is 
limited by (de)protonation rates, and that the enzyme catalyzes said 
(de)protonations. Based on the information presented here, however, it is 
still inconclusive whether the Q-wires facilitate non-rate-limiting electron 
transfer – as was claimed in the preceding text. Perhaps the apparent 
substrate depletion observed in figure 5B confirms that the measured 
catalytic activity is limited by substrate diffusion and not by electron 






5.2.2 Fumarate reductase electro-enzymology 
 
 
Figure 10 (A) Catalytic voltammograms of E. coli fumarate reductase (enriched 
membrane suspension) before (solid line) and after inhibition with ZnSO4 (16 mM; 
dashed line); buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, 100 mM fumarate, 20°C; 
scan rate: 2 mV/s; electrode modifications: M3 and heptanethiol (B) Catalytic 
current (solid minus dashed line in A) and its derivative (gray line) 
 
Because of the similarity between succinate dehydrogenase and fumarate 
reductase, comparable behavior may be expected in the experiments 
performed in this study (in which menaquinone-terminated wires were 
used instead). In general, however, lower activity was observed (figure 10 – 
fumarate reductase enriched membranes; M3-decorated electrode). By 
addition of zinc sulfate – which was found to be a suitable inhibitor for this 



















































subtracted from the voltammograms showing enzymatic activity. Indeed, 
the resulting curve (figure 10B, black line) resembles the expected 
sigmoidal shape and its derivative shows a clear peak around -100 mV vs 
NHE in the reductive direction. 
Some efforts (see appendix 6) were made to improve the enzyme’s activity 
and stability. The latter was limited to only a few scans, considerably lower 
in comparison with succinate dehydrogenase. Several different co-SAMs 
were considered, including 3-mercaptopropionic acid, alkanethiols of 
different length and 6-mercaptohexanol, none of which led to an 
appreciable enhancement of the enzyme’s activity or stability. In addition – 
while in most experiments fumarate reductase enriched membranes were 
used – it was assessed whether membrane extraction and/or full 
purification would enhance the enzyme’s performance. However, no 
noticeable improvements were detected. On the contrary, full purification 
appeared to be detrimental to the enzyme’s stability. Here, after a brief 
period of activation, inactivation became predominant and enzyme activity 
was abolished. 
5.2.3 Cytochrome bo3 electro-enzymology 
As mentioned previously, when enzymatic activity is present, the 
background current is essentially unknown. By inhibiting the enzyme, one 
may obtain a suitable background current, but only when the concerning 
inhibitor does not have additional effects on the measured current. 
However, potassium cyanide, which was used here, does (under aerobic 
conditions). To prevent its interaction with the gold electrode surface, the 
surfaces were decorated with dense(r) co-SAMs of heptanethiol. 
Additionally, this strategy minimizes nonspecific oxygen reduction by the 
electrode surface, which is a complication because it distorts the catalytic 
signal. Moreover, nonspecific oxygen reduction may be in competition with 
the enzyme for oxygen, causing an increase in background current after 
enzyme inhibition. Furthermore, interactions between the gold electrode 
surface and enzyme inhibitors may have an effect on the nonspecific 
oxygen reduction, complicating the interpretation of the background 





Figure 11 (A) Catalytic voltammograms of E. coli cytochrome bo3 (purified) before 
(solid black line) and after inhibition with KCN (100 µM; dashed line); gray line: 
before addition of enzyme; buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, lauryl 
maltoside, 20°C; scan rate: 5 mV/s; electrode modifications: U3 and heptanethiol 
(B) Catalytic current (solid black line minus dashed line in A) and its derivative 
(gray line) 
 
As can be observed in figure 11A, addition of enzyme appears to have little 
influence on the cathodic current, possibly because the (partially 
denatured) enzyme and detergents further prevent nonspecific oxygen 
reduction by the electrode surface. The subsequent addition of potassium 
cyanide removes the current due to enzymatic activity, whereby the 
remaining background current is revealed. This is then used to correct the 
measured ‘uninhibited’ current, producing the expected sigmoidal curve 
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reductive direction, the derivative (figure 11B, gray line) shows a peak 
around -100 mV, a value also found for a USAT-modified electrode (see 
appendix 7). In case of a ‘blank’ electrode (heptanethiol SAM only) the 
corresponding peak was found at approximately -35 mV (figure 12B, gray 
line). Note that the latter peak is broader than the former, suggesting a 
more heterogeneous electron transfer distribution for wire-independent 
catalysis. It must be stressed that, although the blank shows only little 
(apparent) catalytic activity, results may vary widely among experiments. 
 
 
Figure 12 (A) Voltammograms of E. coli cytochrome bo3 (purified) on a 
heptanethiol-modified electrode before (solid black line) and after inhibition with 
KCN (100 µM; dashed line), suggesting some wire-independent enzymatic activity; 
gray line: before addition of enzyme; buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, 
lauryl maltoside, 20°C; scan rate: 5 mV/s (B) Apparent catalytic current (solid black 
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It becomes evident that the measured currents are a convolution of many 
different processes. These factors include: nonspecific oxygen reduction by 
the electrode; effects of potassium cyanide on the current; condition of the 
electrode surface (contamination); wire-assisted enzymatic activity and 
wire-independent enzymatic activity. Although observed (figure 12), the 
origin (or existence) of the latter factor is unknown. Perhaps direct electron 
transfer from the electrode to the enzyme is possible to a degree, 
independent of the Q-wires. This may be reflected by the different 
midpoint potentials found for Q-wire mediated (-100 mV) and wire-
independent catalysis (-35 mV). 
In conclusion, experiments involving cytochrome bo3 suffer from a number 
of additional complications, such as the unknown origin of the – apparently 
enzymatic – wire-independent activity and the unknown influence of 
potassium cyanide on the electrode, making reliable quantification even 
more challenging. However, when zinc sulfate was used as inhibitor, 
comparable results were obtained (figure 13). In fact, the cathodic current 
could be restored by addition of an excess of the chelator EDTA. The 
similarity between the results suggests that potassium cyanide may still be 
a useful inhibitor in these experiments – provided that the gold electrode 
surface is sufficiently covered by thiols – and that the difference between  













Figure 13 (A) Catalytic voltammograms of E. coli cytochrome bo3 (purified) before 
(solid black line) and after inhibition with ZnSO4 (8 mM; dashed line); gray line: 
reconstitution of enzyme activity by addition of sat. EDTA; buffer: 50 mM MOPS 
pH 7.2, 5 mM EDTA, lauryl maltoside, 20°C; scan rate: 5 mV/s; electrode 
modifications: U3 and heptanethiol (B) Catalytic current (solid black line minus 
dashed line in A) and its derivative (gray line) 
 
5.2.4 DMSO reductase electro-enzymology on wild-type membranes 
Finally, in the experiments presented here, a ‘wild type’ cytoplasmic 
membrane preparation, obtained from wild type E. coli (DH5α) grown 
anaerobically on a glycerol/DMSO minimal medium, was used. It was 
verified whether the system introduced in this chapter could be used to 
perform enzymological meaningful experiments on easily obtained wild 
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reductase. If successful, sample preparation would be greatly simplified, 
requiring no complex purification. 
 
 
Figure 14 (A) Catalytic voltammograms of E. coli DMSO reductase (membrane 
preparation) before (solid black line) and after inhibition with HQNO (0.4 mM; 
dashed line); gray line: before addition of enzyme; buffer: 200 mM potassium 
phosphate pH 6.8, 1 mM EDTA, 25 mM DMSO, 20°C; scan rate: 5 mV/s; electrode 
modifications: M3 and heptanethiol (B) Catalytic current (solid black line minus 
dashed line in A) and its derivative (gray line) 
 
As observed previously, addition of enzyme (here: wild type membranes) 
profoundly alters the wave form of the voltammogram (figure 14A, solid 
black line); the peaks associated with M3, with which the concerning 
electrode is modified, become less pronounced and appear more sigmoidal. 























































subsequently added, the wave shape associated with the cathodic current 
changes. When subtracted from the voltammogram presumably featuring 
enzymatic steady state activity, a curve reminiscent of a sigmoid is revealed 
(figure 14B, black line). The derivative (fig 14B, gray line) of the latter curve 
shows a clear peak at -85 mV vs NHE. 
Although the results presented above suggest that enzymatic activity 
indeed can be detected in unpurified, wild-type membranes, the relatively 
small observed currents and poor reproducibility likely complicate 
meaningful enzymological experimentation, as was concluded before. 
5.3 Conclusion & outlook 
Especially in case of succinate dehydrogenase, convincing catalytic currents 
were observed, facilitated by Q-wires. Based on the results presented in 
this chapter, it can be concluded that both ubiquinone- and menaquinone-
terminated Q-wires are capable of successfully establishing an electron 
transfer pathway between electrode and enzyme. Although it is not yet 
clear whether this electron transfer is indeed non-rate-limiting, estimations 
of electron transfer rate constants (kenz) found in this chapter were orders 
of magnitude greater in comparison with the rate constants (kapp) 
encountered in the previous chapter, suggesting much faster electron 
transfer through enzyme-bound Q-wires. Further experimental 
optimizations should provide a more quantitative answer as to what 
electron transfer rates can be achieved by enzyme-bound Q-wires, and 
whether they are rate-limiting. 
Nevertheless, a considerable number of issues were encountered while 
performing the experiments presented in this chapter. Usually, only small 
catalytic currents attributable to enzyme activity were measured, 
complicating their separation from the background current. Indeed, 
suitable background currents – required to obtain the enzymatic signal – 
were frequently not available and in some cases, e.g. in case of cytochrome 
bo3, even questionable. Moreover, the variability in the measured catalytic 




As mentioned before, the most likely explanation for most of the issues 
described above are irregularities at the working electrode surface (e.g. 
composition, topology, contaminations, etc). To address the 
aforementioned poor reproducibility of the experiments, thorough 
optimization of the working electrode treatment (and subsequent enzyme 
interactions) is still required. 
The formation of stable, immobilized protein films was not achieved in the 
experiments described above. Therefore, in order to benefit from the 
advantages associated with protein film voltammetry, further electrode 
surface (or protein) modifications are still required. It may be possible, for 
example, to anchor fragments of the cytoplasmic membrane, containing a 
redox enzyme of interest, to the electrode, as has been described before 
[32]. In this scenario, in order to avoid the use of slowly diffusing mediators, 
the Q-wires relay electrons between enzyme and electrode. 
As can be concluded from the experiments presented above, both 
menaquinone- and ubiquinone-terminated Q-wires are capable of providing 
electron transfer between electrode and enzymes, allowing for qualitative 
experimentation. However, in order to achieve the ultimate objective – 
assembling a stable enzyme monolayer on an electrode surface suitable for 
protein film voltammetry, in which the Q-wires provide non-rate-limiting 
electron transfer between electrode and enzyme – substantial optimization 
and innovation is still necessary. 
5.4 Experimental 
5.4.1 Electrochemistry 
Working electrodes (2 mm diameter gold working electrode, CH-
Instruments) were prepared in an identical manner as described in chapter 
4. After polishing, the electrodes were decorated with the appropriate Q-
wire (U0-U3, USAT, or M0-M3) by incubation in the corresponding 
‘deprotection mixture’ until the desired coverage was achieved. However, 
both the incubation time with (up to 30-60 mins) and concentration of the 
co-SAM (1% (v/v) in ethanol of either heptanethiol or propanethiol) were 
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increased, which was especially important for experiments not performed 
under argon. The electrodes were then installed in a ‘Hagen cell’ [33] and – 
where required – the cell was flushed with argon (or any oxygen/argon 
mixture), after first suspending a 25 µl droplet of buffer (in most cases 50 
mM MOPS, pH 7.2, 5 mM EDTA, and – depending on the experiment – 
already containing substrate or enzyme) from the reference electrode 
(saturated KCl/calomel with porous glass junction, Radiometer REF401). At 
the start of a typical electro-enzymology experiment, the working electrode 
and the counter electrode (platinum wire) were brought in contact with the 
hanging droplet, after which the Q-wire coverage on the working electrode 
was assessed by means of cyclic voltammetry (staircase voltammetry (α= 
1); step size 2 mV; usally at 50 mV/s, using an appropriate potential 
window). Scanning speeds were then lowered (2-10 mV/s) and potential 
windows were adjusted. Depending on the experiment, background 
voltammograms were recorded, (additional) enzyme and/or substrate (or 
v.v.) was injected into the buffer droplet, and an appropriate enzyme 
inhibitor was added, concluding the experiment. Further details on the 
experimental setup can be found in chapter 4. 
5.4.2 E. coli succinate dehydrogenase 
Purified E. coli succinate dehydrogenase was a gift from dr. G. Cecchini 
(Department of Biochemistry & Biophysics, University of California) and 
provided by prof. dr. S. de Vries (Delft University of Technology). The sample 
(430 µM) was diluted (100mM HEPES, pH8, 5mM EDTA, 0.1% lauryl 
maltoside), centrifuged (5 min, max. speed, 4°C, Eppendorf Centrifuge 
5415D) and the supernatant was divided into portions, flash frozen using 
liquid nitrogen and stored at -80°C until use. 
5.4.3 Expression and purification of E. coli fumarate reductase 
The expression strain and membrane granules were produced during an 
internship at Delft University of Technology under the supervision of prof. 
dr. Simon de Vries [34]. The frdABCD operon was amplified from genomic 
DNA (E. coli K12) by means of PCR (forward primer: 5’-AAC GCA AGA AAG 
CTT GTT GAT AAG-3’ (HindIII); reverse primer:  5’-TTC CCC TCG AGC AAT 
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AGC GTC-3’ (XhoI)) and cloned into the low-copy vector pACYC177. 
Competent E. coli MC4100 cells were transformed with this construct and 
were subsequently grown on glycerol/fumarate minimal medium [35] 
supplemented with ampicillin (30 μg/ml) for ~40 hrs. Cells were harvested 
(10 min, 7000 rpm, 4°C, Sorvall RC-5B centrifuge, SLA-3000 rotor) washed 
(200 mM Tris HCl, pH 8.0) and disrupted (1.8 kbar, ‘multi-shot’ mode, LA 
Biosystems B.V., Waalwijk disruptor), after which cell debris was removed 
(15 min, 7000 rpm). Ultracentrifugation (1 hr, 40000 rpm, 4°C, Beckman 
OptimaTM L (45 Ti rotor)) yielded the desired membranes, which were then 
resuspended (25 mM MOPS-KOH, pH 7.2, 1 mM EDTA) in a minimal volume 
and subsequently flash frozen by drop-wise addition to liquid nitrogen. The 
resulting granules were stored at -80°C and some were used without 
further purification for certain electrochemistry experiments. 
Some electrochemistry experiments were performed with membrane 
extracts or purified protein. Membrane extracts were obtained by 
resuspension of a few frozen membrane granules in ~1 mL buffer (50 mM 
MOPS, pH 7.2, 5 mM EDTA, 1% lauryl maltoside), which was then 
centrifuged (1-2 hrs, max. speed, 4°C, Eppendorf Centrifuge 5415D). The 
supernatant was then either concentrated (Amicon Ultra-0.5 mL Centrifugal 
Filter) and used for experiments, or subjected to further purification by 
chromatography (5 mL HiTrap DEAE Sepharose FF, GE Healthcare Life 
Sciences, buffer: 50 mM MOPS, pH 7.2, 5 mM EDTA, 0.01% lauryl maltoside) 
using a step-gradient of KCl (0 mM to 250 mM). The fractions containing 
fumarate reductase were pooled and concentrated (Sartorius Vivaspin 20 
50k MWCO followed by Amicon Ultra-0.5 mL Centrifugal Filter).  
5.4.4 Expression and purification of E. coli cytochrome bo3 
The strain used for expression of His-tagged cytochrome bo3 was used with 
permission of prof. Robert B. Gennis (University of Illinois) and provided by 
prof. dr. S. de Vries (Delft University of Technology). The expression and 
purification of His-tagged cytochrome bo3 by E. coli strain GO105/pJRhisA 
was based on a literature protocol [20]. A preculture (50 mL LB medium, 
100 µg/ml ampicillin) was inoculated with a -80°C stock of E. coli 
GO105/pJRhisA and grown aerobically overnight at 37°C. This culture was 
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then used to inoculate (10 mL) 2×500 mL of LB medium, supplemented with 
50 μg/ml ampicillin and 500 µM CuSO4. Cells were allowed to grow 
aerobically at 37°C (while shaking) until the mid-logarithmic phase was 
reached. The cells were then harvested (4°C, 5000 rpm, 20 min, Sorvall RC 
6+ centrifuge F105-6x500Y), resuspended (50 mM potassium phosphate, pH 
7.5) and again centrifuged (4°C, 5000 rpm, 20 min). The cells were then 
disrupted using a French press (Stansted ‘pressure cell’ Homogenizer). The 
resulting suspension was centrifuged (4000 rpm, 20 min, 4°C, Heraeus 
Multifuge 3L-R) to remove cell debris. The supernatant was then 
ultracentrifuged (25000 rpm, 2 hours, 4 °C, Kontron Instruments Centrikon 
T-1170). The membrane pellets were collected and resuspended in buffer 
(1-2 mL of 50 mM potassium phosphate, pH 7.5), containing 1% lauryl 
maltoside, to achieve membrane extraction. After centrifugation (1-2 hrs, 
max. speed, 4°C, Eppendorf Centrifuge 5415D) the supernatant was diluted 
with ‘buffer A’ (50 mM potassium phosphate, 0.05% lauryl maltoside, pH 
8.3) and loaded onto a Ni-Sepharose column (5 mL HisTrap FF, GE 
Healthcare Life Sciences, equilibrated with ‘buffer A’). After running the 
column (4 mL/min, ‘buffer A’) for several fractions, a step gradient (150 mM 
imidazole in ‘buffer A’) was used to elute the enzyme. Fractions were 
pooled based on color (reddish) and subjected to several rounds of 
concentration (Sartorius Vivaspin 20 50k MWCO followed by Amicon Ultra-
0.5 mL Centrifugal Filter) and subsequent dilution in ‘buffer A’, until the 
imidazole concentration was significantly decreased (< 0.2 mM). The 
concentrated product was divided into portions, flash frozen using liquid 
nitrogen and stored at -80°C until use. 
5.4.5 Expression of DMSO reductase 
E. coli DH5α was streaked on an LB agar plate, which was then allowed to 
grow overnight at 37°C. A colony was picked and used to inoculated 50 mL 
of LB medium. After 6 hrs of growth at 37°C, 1 mL of this culture was used 
to inoculate 1 L of minimal glycerol/DMSO medium [36, 37]: 100 mM 
potassium phosphate buffer pH 6.8; 0.5% glycerol; 15 mM (NH4)2SO4; 0.15% 
casamino acids; 0.003% thiamine-HCl; 5 mM CaCl2; 70 mM DMSO; 60 µM 
(NH4)6Mo7O24; 200 µM MgSO4; 25 mM MnCl2; 1 mM Fe2(SO4)3; 0.006% 
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proline; 0.006% leucine. After 40 hrs of anaerobic growth, the cells were 
harvested, disrupted and membranes were isolated in an identical fashion 
as described for cytochrome bo3. 
5.4.6 Estimation of the catalytic rate constant kenz 





Here, NA is Avogadro’s number,  the electrode surface coverage with 
enzyme, RG the radius of gyration of the enzyme, F the Faraday constant, ρ 
the electrode surface roughness, A the electrode surface area and icat the 
catalytic current. Note that  and ρ contain considerable uncertainty, i.e. 
the surface coverage and electrode surface topology are essentially 
unknown. Nevertheless, full coverage (  = 1) and a completely smooth 
electrode surface (ρ = 1) were assumed. The square of the radius of 
gyration – an estimation of the electrode surface area occupied by a single 








Here, N is the number of atoms and ri is the coordinate vector of an 
individual atom. Using the protein database file 1NEN [38], containing the 
crystal structure of succinate dehydrogenase, RG = 33.69 Å (based on 8297 
atoms) was found, which was used to calculate the value kenz  = 2.92 s-1.  
 
As can be deduced from this section, prof. dr. Simon de Vries has greatly 
contributed to the work presented in this chapter. His sudden death both 
shocked and greatly saddened us. We are very grateful for the fruitful and 
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1. Nederlandse samenvatting 
Redoxenzymen spelen een fundamentele rol in het metabolisme van alle 
organismen. Bij de door redoxenzymen gekatalyseerde reacties worden 
elektronen van het ene naar het andere substraat overgebracht. Deze 
enzymen bevatten daartoe doorgaans enkele cofactoren, die als het ware 
een transportketen voor elektronen tussen de verschillende active sites 
vormen. Aan deze active sites vinden de oxidatie- en reductieprocessen van 
de substraten plaats. Aan het intramoleculaire transport van elektronen 
kunnen eventueel andere processen gekoppeld zijn, bijvoorbeeld 
protontranslocatie over het plasmamembraan van bacteriën, waarbij een 
protonconcentratiegradiënt en daarmee een proton motive force wordt 
opgebouwd, die dan weer gebruikt kan worden voor bijvoorbeeld ATP 
synthese. Een voorbeeld van een dergelijk enzym is cytochroom bo3 uit E. 
coli. Dit enzym oxideert ubichinol, de laatste stap in de zogenoemde 
‘ademhalingsketen’, brengt de vrijgemaakte elektronen over naar zuurstof 
en draagt tevens bij aan het protongradiënt. Naast dit enzym werden er in 
dit onderzoek nog een drietal andere ademhalingsenzymen bestudeerd, te 
weten: E. coli succinaat dehydrogenase; E. coli DMSO reductase en E. coli 
fumaraat reductase. 
Aangezien redoxenzymen in feite elektronen als substraat gebruiken, is het 
een voor de hand liggend idee om ze direct aan een elektrode te koppelen, 
zodat directe elektrochemische experimenten (zoals cyclische 
voltammetrie) aan het enzym uitgevoerd kunnen worden. Dit is in feite wat 
protein film voltammetry (PFV) inhoudt: het vormen van een stabiele 
monolaag geïmmobiliseerde enzymen aan een elektrodeoppervlak, waarbij 
alle enzymen correct georiënteerd zijn en het elektronentransport tussen 
enzym en elektrodeoppervlak niet snelheidslimiterend is. Op deze manier 
kan de katalyse aan de active site, die niet met het elektrodeoppervlak is 
geassocieerd, worden bestudeerd, en kunnen aan het interne 
elektronentransport gekoppelde processen worden bestudeerd. Bovendien 
is voor PFV slechts zeer weinig enzympreparaat nodig, wat voordelig is. 
Daarnaast kan de enzymmonolaag bijvoorbeeld kortstondig blootgesteld 
worden aan zeer extreme condities (zoals pH), aangezien de 
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gemodificeerde elektrode snel naar een andere buffer kan worden 
overgeplaatst. 
Om PFV daadwerkelijk te realiseren moet echter een aantal hindernissen 
worden overwonnen. Zo kan de active site van een enzym bijvoorbeeld te 
diep begraven liggen, waardoor directe uitwisseling van elektronen tussen 
het enzym en de elektrode niet mogelijk is. In veel gevallen denatureren 
enzymen wanneer ze in contact komen met het elektrodeoppervlak. In het 
geval van goudelektroden kan dit euvel verholpen worden door het 
aanbrengen van een zogeheten self-assembled monolayer (SAM) van 
bijvoorbeeld alkaanthiolen op het elektrodeoppervlak, een strategie die 
ook in dit onderzoek is toegepast. De vraag rijst nu echter of er in dit geval 
nog sprake is van elektronentransport tussen enzym en elektrode dat niet 
snelheidslimiterend is, aangezien de onderlinge afstand alleen maar 
vergroot is. Verder is er waarschijnlijk geen sprake van immobilisatie van 
het enzym en kan correcte oriëntatie eveneens niet worden gewaarborgd. 
In dit onderzoek is daarom een strategie ontwikkeld die direct en goed 
gedefinieerd elektronentransport tussen enzym en elektrode garandeert. 
Door toepassing van geleidende molecular wires is er in dit onderzoek 
gepoogd de afstand tussen enzym en elektrodeoppervlak te overbruggen. 
Deze molecular wires bestaan uit een stuk oligo(phenylenevinylene) (OPV), 
een sterk π-geconjugeerd systeem dat niet snelheildslimiterend is voor 
elektronentransport. Aan weerszijden zijn deze wires gemodificeerd met 
functionele groepen: een thiolgroep aan de ene zijde maakt binding met 
het oppervlak van een goudelektrode mogelijk, terwijl een chinongroep aan 
de andere zijde interacties met een chinonbindende active site faciliteert. 
De hiergenoemde molecular wires worden in dit proefschrift regelmatig 
aangeduid als Q-wire (naar het Engelstalige quinone). Tussen de 
chinonkopgroep en het OPV-gedeelte is een extra sp3-koolstofatoom 
opgenomen om de conjugatie te onderbreken, zodat de natuurlijke 
eigenschappen van de chinongroep gehandhaafd blijven en er daarnaast 
enige flexibiliteit mogelijk is tijdens de interacties tussen een bepaald 
enzym en de betreffende Q-wire. Samengevat zorgen SAMs gevormd met 
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deze Q-wires voor een goed gedefinieerd en snel elektrontransport tussen 
elektrodeoppervlak en enzym. 
Voor dit onderzoek is een reeks Q-wires met verschillende chinonkopgroep 
(ubichinon of menachinon) en van verschillende lengte gesynthetiseerd. 
Daarnaast is een wire gemaakt die, in plaats van een OPV-systeem, een 
volledig verzadigd stuk alkaan bevat. In hoofdstuk 4 wordt deze wire met de 
geconjugeerde wires vergeleken om na te gaan of het OPV-systeem 
inderdaad aan een sneller elektronentransport bijdraagt. Dat de synthese 
van de Q-wires niet zonder slag of stoot is verlopen, blijkt uit hoofdstuk 2, 
waar een greep uit de problemen die zijn tegengekomen wordt besproken. 
De ontwikkeling van de uiteindelijke synthesemethode, die in hoofdstuk 3 
in detail wordt behandeld, wordt hier eveneens beschreven, naast enkele 
aanbevelingen voor eventueel vervolgonderzoek. In de uiteindelijke 
synthesemethode staat de Grubbs alkeenmetathese reactie centraal: een 
gemodificeerde chinongroep wordt met een allylgroep of vinylgroep 
gekoppeld aan de vinylgroep van de rest van het molecuul, dat eveneens de 
goudbindende thiolgroep bevat (in geacetyleerde vorm). 
In hoofdstuk 4 worden de Q-wires onderworpen aan experimenten die de 
elektrochemische eigenschappen van de wires moeten vaststellen. Aan de 
hand van een serie ‘Laviron plots’ werden enkele belangrijke kinetische 
parameters bepaald, waaronder de apparent rate constant (kapp), die de 
uitwisselingssnelheid van elektronen tussen de chinongroep en de 
elektrode beschrijft. Deze rate constants bleken zowel van de pH als van de 
Q-wire lengte af te hangen. Dit laatste heeft waarschijnlijk te maken met 
het verbreken van de conjugatie door toevoeging van het extra sp3-
koolstofatoom. Hoewel bij zeer hoge pH de apparent rate constants sterk 
toenemen en deze waarden (toebehorend aan wires van verschillende 
lengte) zelfs lijken te convergeren, zijn ze erg klein in het biologische 
relevante pH-gebied. Op basis van deze waarden, die sterk gekoppeld 
blijken te zijn aan de snelheid van protonuitwisseling, zou geconcludeerd 
kunnen worden dat de snelheid van het elektronentransport tussen de 
elektrode en het enzym door de wires wel degelijk snelheidsbeperkend kan 
zijn. Zoals uit hoofdstuk 5 echter blijkt, katalyseren enzymen eveneens 
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protonuitwisseling, en zijn de gevonden waarden voor de apparent rate 
constants (bij neutrale pH) niet representatief voor de daadwerkelijke 
snelheid van het elektronentransport door de wires. Verder levert een 
proton-coupled electron transfer (PCET) model de waarden voor de 
microscopische parameters (potentialen en pKa’s) die in het 9-ledige 
vierkante schema van Laviron voorkomen. Dit schema beschrijft de twee-
elektron/twee-proton redoxreactie die de chinongroep ondergaat. Aan de 
hand van deze potentialen en pKa’s kon bepaald worden welke volgorde 
van elektron- en protonuitwisseling bij een bepaalde pH dominant is 
(bijvoorbeeld: elektron-elektron-proton-proton bij pH > 12). 
Tenslotte wordt in hoofdstuk 5 bestudeerd of de Q-wires inderdaad in staat 
zijn om elektronen met enzymen uit te wisselen. Zeker voor succinaat 
dehydrogenase bleek dit het geval. Vooral wanneer langere Q-wires werden 
gebruikt, werd regelmatig een overtuigend katalytisch signaal 
waargenomen. Dit was in mindere mate het geval voor fumaraat reductase 
en DMSO reductase (hoewel in het laatste geval wildtype membranen 
werden gebruikt, die niet verrijkt waren met DMSO reductase). De 
resultaten die zijn behaald met cytochroom bo3 zijn moeilijker te 
interpreteren, aangezien de gemeten signalen een convolutie van 
verschillende processen zijn, waaronder enzymgekatalyseerde 
zuurstofreductie en aspecifieke zuurstofreductie door het 
elektrodeoppervlak. In alle gevallen geldt echter dat de resultaten 
uitsluitend kwalitatief van aard zijn, aangezien experimenten nooit exact 
herhaald konden worden. Om experimenten die kwantitatieve resultaten 
leveren te kunnen verwezenlijken is daarom nog veel optimalisatie en 
vervolgonderzoek nodig. Desondanks is hier overtuigend aangetoond dat 
een goed gedefinieerde elektronenuitwisseling tussen Q-wires en enzymen 
inderdaad mogelijk is.   
2. English summary 
Redox enzymes play a fundamental role in the metabolism of all organisms. 
The reactions that are catalyzed by this class of enzymes are characterized 
by the transfer of electrons between substrates. To facilitate electron 
transfer, these enzymes contain several cofactors that together form an 
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‘electron pathway’ through the enzyme, connecting the different active 
sites where substrate oxidation or reduction processes occur. Other 
processes, such as proton translocation across the bacterial plasma 
membrane, may be coupled to the intramolecular electron transfer. This 
proton translocation results in a proton concentration gradient across the 
membrane and the build-up of a ‘proton motive force’, which can be 
subsequently used for e.g. ATP synthesis. The E. coli enzyme cytochrome 
bo3, for example, catalyzes the final step of the respiratory chain: it oxidizes 
ubiquinol, transfers the liberated electrons to oxygen and contributes to 
the proton gradient. In addition to this enzyme, three other respiratory 
enzymes were studied in this research: E. coli succinate dehydrogenase; E. 
coli DMSO reductase and E. coli fumarate reductase. 
Considering the fact that redox enzymes can accept electrons as a 
substrate, the idea to directly link them to an electrode might occur, 
enabling direct electrochemical experiments (e.g. cyclic voltammetry) on 
the enzyme. Such experiments may be referred to as ‘protein film 
voltammetry’ (PFV), where a stable monolayer of immobilized enzyme is 
formed on an electrode surface, all enzymes are positioned correctly and 
where electron transfer between electrode surface and enzyme is non-rate-
limiting. In this scenario, catalysis at the other active site – which is not 
associated with the electrode surface – can be studied, along with 
processes coupled to internal electron transfer. PFV requires only very 
small amounts of enzyme, which is advantageous. Furthermore, PFV allows 
for measurements under extreme circumstances (e.g. pH), since the 
modified electrode can be rapidly exchanged between different buffers. 
However, in order to accomplish PFV, several obstacles need to be 
overcome. For example, the enzyme’s active site may be too deeply buried, 
preventing direct electron exchange between electrode and enzyme. 
Furthermore, denaturation often occurs when the enzyme comes in direct 
contact with the (metallic) electrode surface. When using gold electrodes, 
this problem can be circumvented by modifying the electrode surface with 
a ‘self-assembled monolayer’ (SAM) of e.g. alkanethiols, a strategy also 
applied in this study. However, since the SAM now prevents close contact 
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between enzyme and electrode surface, non-rate-limiting electron transfer 
can no longer be guaranteed. Additionally, it is unlikely that an alkanethiol 
SAM can achieve enzyme immobilization and proper enzyme orientation by 
itself.  
In this study, a strategy was developed that ensures direct, well-defined 
electron transfer between enzyme and electrode. Conducting ‘molecular 
wires’, consisting of a highly π-conjugated ‘oligo(phenylenevinylene)’ (OPV) 
system, were used to span the distance between enzyme and electrode and 
facilitate non-rate-limiting electron transfer. Both extremities of the wires 
are modified: a thiol moiety anchors the wire to the gold electrode surface, 
while, at the opposite end of the wire, a quinone moiety allows for 
interaction with the quinone-binding pocket of certain enzymes – the wires 
are therefore designated as ‘Q-wires’. The quinone moiety is not directly 
connected to the OPV system: a methylene bridge interrupts the π-
conjugation, preserving the natural electrochemical properties of the 
quinone group. In addition, the additional sp3 carbon allows for more 
flexibility during interactions between Q-wire and enzyme, enhancing their 
binding. 
For this research, a series of Q-wires was synthesized, differing in length 
and quinone moiety (either menaquinone or ubiquinone). Additionally, a 
fully saturated wire, composed of an alkane tether instead of an OPV 
tether, was prepared. In chapter 4, this wire is compared to the conjugated 
Q-wires to assess whether the OPV system indeed contributes to fast 
electron transfer. In chapter 2, a selection of the many complications 
encountered during the Q-wire synthesis is discussed. The development of 
the definitive synthesis strategy, which is treated in chapter 3, is also 
discussed here, together with a number of recommendations for follow-up 
research. The ultimate synthesis strategy outlined in chapter 3, 
predominantly features a Grubbs olefin metathesis reaction: in a final step, 
a modified quinone moiety is connected to the rest of the wire (containing 
the terminal thiol) using this reaction. 
In chapter 4, the electrochemical characteristics of the Q-wires are treated. 
A series of ‘Laviron plots’ provides important kinetic parameters, such as 
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the ‘apparent rate constant’ (kapp), which represents the rate of electron 
exchange between electrode and quinone moiety. These rate constants 
proved to be dependent on both pH and Q-wire length, the latter 
presumably caused by the aforementioned inclusion of the sp3 carbon, 
which disrupts the conjugation in the molecule. Although the apparent rate 
constants increase drastically at very alkaline pH, and these rate constants – 
pertaining to wires of different length – even appear to converge, at 
biologically relevant pH values, the observed rate constants are very low. 
Based on these values, which suggest a strong coupling to proton exchange 
rates, non-rate-limiting electron transfer through these wires can no longer 
be guaranteed. However, as discussed in chapter 5, enzymes additionally 
catalyze proton exchange. Therefore, the apparent rate constants cannot 
be considered a suitable measure for ‘pure’ electron transfer rates. Finally, 
a ‘proton-coupled electron transfer’ (PCET) model provides values for the 
microscopic parameters (potentials and pKas) encountered in Laviron’s 
nine-member square scheme, which describes the two-electron/two-
proton redox reaction of the quinone moiety. Based on these parameters, 
the sequence of electron and proton transfers predominant at a certain pH 
could be elucidated (e.g. electron-electron-proton-proton at pH > 12). 
Finally, in chapter 5, it is investigated whether electron exchange indeed 
occurs between the Q-wires and the studied enzymes. Convincing catalytic 
signals were indeed observed, especially in case of succinate 
dehydrogenase in combination with longer Q-wires. To a lesser extent, this 
was also observed for fumarate reductase and DMSO reductase, although 
in the latter case, wild-type membranes were used, which were not 
enriched in DMSO reductase. The results obtained using cytochrome bo3 
are less readily interpreted, since the measurements represent a 
convolution of several different processes, such as enzyme catalyzed 
oxygen reduction and nonspecific oxygen reduction by the electrode 
surface. Because of overall poor reproducibility, the obtained results can 
only be considered to be of qualitative nature. Substantial optimizations are 
therefore still required to achieve quantitative results. Nevertheless, well-



























Appendix 1 (A) Cyclic voltammograms of a heptanethiol-modified electrode at 
different potential ranges in 50 mM MOPS pH 7.2, 5 mM EDTA, 50 mM succinate, 
20°C; scan rate: 10 mV/s (B) Voltammograms after addition of E. coli succinate 
dehydrogenase (black solid line; before addition: gray line); inhibited signal after 
addition of oxaloacetic acid (40 mM; black dashed line) (C) ‘Catalytic’ current (solid 

























































Appendix 2 (A) Cyclic voltammograms of a U0- and heptanethiol-modified 
electrode at different potential ranges in 50 mM MOPS pH 7.2, 5 mM EDTA, 50 
mM succinate, 20°C; scan rate: 10 mV/s (B) Catalytic voltammogram after addition 
of E. coli succinate dehydrogenase (black solid line; before addition: gray line); 
inhibited signal after addition of oxaloacetic acid (40 mM; black dashed line) (C) 









































































Appendix 3 (A) Cyclic voltammograms of a U1- and heptanethiol-modified 
electrode at different potential ranges in 50 mM MOPS pH 7.2, 5 mM EDTA, 50 
mM succinate, 20°C; scan rate: 10 mV/s (B) Catalytic voltammogram after addition 
of E. coli succinate dehydrogenase (black solid line; before addition: gray line); 
inhibited signal after addition of oxaloacetic acid (40 mM; black dashed line) (C) 







































































Appendix 4 (A) Cyclic voltammograms of a U3- and heptanethiol-modified 
electrode at different potential ranges in 50 mM MOPS pH 7.2, 5 mM EDTA, 50 
mM succinate, 20°C; scan rate: 10 mV/s (B) Catalytic voltammogram after addition 
of E. coli succinate dehydrogenase (black solid line; before addition: gray line); 
inhibited signal after addition of oxaloacetic acid (40 mM; black dashed line) (C) 













































































Appendix 5 (A) Cyclic voltammograms of a USAT- and heptanethiol-modified 
electrode at different potential ranges in 50 mM MOPS pH 7.2, 5 mM EDTA, 50 
mM succinate, 20°C; scan rate: 10 mV/s (B) Catalytic voltammogram after addition 
of E. coli succinate dehydrogenase (black solid line; before addition: gray line); 
inhibited signal after addition of oxaloacetic acid (40 mM; black dashed line) (C) 














































































Appendix 6 (A) Catalytic voltammograms of E. coli fumarate reductase (enriched 
membrane suspension) before (solid line) and after inhibition with ZnSO4 (16 mM; 
dashed line); buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, 100 mM fumarate, 20°C; 
scan rate: 2 mV/s; electrode modifications: M3 and mercaptohexanol (B) Catalytic 

























































Appendix 7 (A) Catalytic voltammograms of E. coli cytochrome bo3 (purified) 
before (solid black line) and after inhibition with KCN (100 µM; dashed line); gray 
line: before addition of enzyme; buffer: 50 mM MOPS pH 7.2, 5 mM EDTA, lauryl 
maltoside, 20°C; scan rate: 5 mV/s; electrode modifications: USAT and heptanethiol 


























































Potential (mV vs NHE)
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List of abbreviations and symbols 
[xFe-yS] Iron-sulfur cluster 
9-BBN 9-Borabicyclo(3.3.1)nonaan 
A Electrode surface area [m2] 
AcOH Acetic acid 
AcSH Thioacetic acid 
α Electron transfer coefficient 
ATP Adenosine triphosphate 




CAN Ceric ammonium nitrate 
cat. Catalytic (amount) 
CE Counter electrode 
d Doublet (NMR) 
DCAD Di-(4-chlorobenzyl)-azodicarboxylate 
DCM Dichloromethane 
dd Double doublet (NMR) 
DEAD Diethyl azodicarboxylate 
DEAE Diethyl aminoethanol 
δ Chemical shift 
ΔEp Epa - Epc [V] 
DIBAL-H Diisobutylaluminium hydride 
DMA Dimethylacetamide 
DMF Dimethylformamide 
Dms(A-C) DMSO reductase subunit 
DMS Dimethyl sulfide 
DMSO Dimethyl sulfoxide 
dt Double triplet (NMR) 
E Applied potential [V] 
E. coli Escherichia coli 
E0’ Equilibrium (midpoint) potential [V] 
Ei0’ Microscopic equilibrium potential [V] (PCET model) 
EDTA Ethylenediaminetetraacetic acid 
Ep, Epeak Peak position [V] 
Epa Anodic peak position [V] 
Epc Cathodic peak position [V] 
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EQ/ESQ Midpoint potential of quinone/semiquinone redox pair [V] 
ESQ/EQH2 Midpoint potential of semiquinone/quinol redox pair [V] 
Et3N Triethylamine 
EtOAc Ethyl acetate 
EtOH Ethanol 
F Faraday constant (96485… C/mol) 
FAD Flavin adenine dinucleotide 
Fc Ferrocene 
Frd(A-D) Fumarate reductase subunit 
FWHM Full width at half maximum 
Γ Surface coverage 
h Hour(s) 
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 
His6 Polyhistidine tag of length six 
HQ Hydroquinone 
HQNO N-oxo-2-heptyl-4-hydroxyquinoline 
HR-MS High resolution mass spectrometry 
i Current [A] 
I Ionic strength 
icat (Maximum) enzymatic catalytic current [A] 
i-PrOH Isopropanol 
J Coupling constant [Hz] 
k0 Standard rate constant (Butler-Volmer kinetics) [s-1] 
kapp Apparent electron transfer rate constant [s-1] 
kcat Apparent unimolecular rate constant/turnover number [s-1] 
kenz Catalytic (enzymatic) rate constant [s-1] 
KM Michaelis constant [M] 
ks Microscopic ‘pure-electron’ rate constant [s-1] 
KSAc Potassium thioacetate 
λ Reorganization energy [eV] 
λmax Wavelength at maximum absorbance [nm] 
LB Lysogeny broth 
m Multiplet (NMR) 
m/z Mass-to-charge ratio 
M0-3 Menaquinone-terminated OPV-based molecular wire; 








n Number of electrons participating in a redox process 
NA Avogadro constant (6.022… × 1023 mol−1) 
NADH Nicotinamide adenine dinucleotide 




NHE Normal hydrogen electrode 
NMe3 Trimethylamine 
NMR Nuclear magnetic resonance (spectroscopy) 
norm. Normalized 
OPV Oligo(phenylenevinylene) 
PCET Proton-coupled electron transfer 
PCR Polymerase Chain Reaction 
Pd(OAc)2 Palladium (II) acetate 
PET Petroleum ether 
PFV Protein film voltammetry 
PIFA (Bis(trifluoroacetoxy)iodo)benzene 
pKai Microscopic acid dissociation constant (PCET model) 
PMSF Phenylmethane sulfonyl fluoride 
PPh3 Triphenyl phosphate 
ppm Parts per million 
q Quartet (NMR) 
Q/QH2 (Ubi)quinone/(ubi)quinol 
QH High-affinity (ubi)quinone binding site of cytochrome bo3 
QL Low-affinity (ubi)quinone binding site of cytochrome bo3 
Q-wire Ubiquinone- or menaquinone-terminated OPV-based 
molecular wire, functionalized with a gold electrode-binding 
thiol at the opposite end 
R Gas constant (8.3145… J mol-1 K-1) 
RE Reference electrode 
RG Radius of gyration 
ρ Electrode surface roughness factor 
rpm Rotations per minute 
RT Room temperature (298 K) 
s Singlet (NMR) 
SAM Self-assembled monolayer 
sat. Saturated 
SCE Saturated calomel electrode 
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Sdh(A-D) Succinate dehydrogenase subunit 
SQ Semiquinone 
t Triplet (NMR) 
T Absolute temperature [K] 
t-BuOK Potassium tert-butoxide 
THF Tetrahydrofuran 
TLC Thin layer chromatography 
TMAO Trimethylamine N-oxide 
Tris 2-Amino-2-(hydroxymethyl)propane-1,3-diol 
U0-3 Ubiquinone-terminated OPV-based molecular wire; number 
indicates length of OPV system 
UQ/UQH2 Ubiquinone/ubiquinol 
Usat Ubiquinone-terminated decanethiol 
UV-Vis Ultraviolet–visible (spectroscopy) 
v Scan rate [V/s] 
va Anodic critical scan rate [V/s] 
vc Cathodic critical scan rate [V/s] 
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